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ABSTRACT 


Techniques  of  ion  photofragment  spectroscopy  have  been  used  to 
investigate  the  structure  and  dissociations  of  molecular  ions.  For  this 
research,  a unique  laser-ion  coaxial  beams  spectrometer  was  constructed, 
allowing  substantially  improved  sensitivity  and  resolution.  The  rare 
gas  dimer  ions  were  studied  in  detail,  resulting  in  the  determination 
of  potential  curves,  absorption  and  photodissociation  cross  sections, 
and  photofragment  angular  distributions  for  these  ions.  Effects  from 
spin-orbit  coupling  were  found  to  be  very  important.  The  predissociation 
of  the  positive  and  negative  ozone  ions  were  investigated  to  obtain 
structural  information  about  these  ions.  Very  high  resolution  spectroscopy 
of  the  quartet  states  of  the  positive  oxygen  ion  allowed  a substantial 
improvement  in  these  potential  curves,  as  well  as  an  improved  determination 
of  the  bond  dissociation  energy  of  neutral  oxygen.  Photofragment  spec- 
troscopy of  the  positive  ion  of  CH  led  to  the  observation  of  two  predis- 
sociations, one  in  the  singlet  and  one  in  the  triplet  system.  Similar 
measurements  on  the  positive  ion  of  methyl  iodide  led  to  the  resolution 
of  rotational  and  fine  structure  levels  in  the  previously  observed 
predissociation  of  this  ion 
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I INTRODUCTION 


In  May  1976,  we  began  a research  program  for  the  U.  S.  Air  Force 

Office  of  Scientific  Research,  Contract  No.  F44620-76-C-0095,  designed 

to  use  newly  developed  techniques  of  ion  photofragment  spectroscopy  to 

study  the  potential  surfaces  of  molecular  ions.  At  the  time  this  research 

1 2 

was  started,  existing  techniques  ’ of  ion  photofragment  spectroscopy 

had  an  energy  resolution  of  about  10  meV,  and  had  been  applied  only  to 

H*  Through  work  under  this  contract,3  7 related  contracts8  10  at  SRI, 

Z 8-13 

and  our  collaborative  work  with  researchers  in  the  Laboratoire  des 

Collisions  Ioniques  in  Orsay,  France,  the  techniques  have  been  significantly 

extended,  and  a substantial  number  of  important  ions  have  been  studied. 

8 7 

Now  rotational  and  fine  structure  levels  can  be  resolved  with  a precision 

-1  9 

of  0.003  cm  , predissociation  lifetimes  measured  , molecular  bond  energies 
5,10 

determined  to  within  a few  wavenumbers,  and  unique  measurements  made 
of  photofragment  angular  distributions.  Under  this  contract,  studies 
have  been  made  on  0^  quartet  states,  the  rare  gas  dimer  ions,  positive 
and  negative  ozone  ions,  CH^I+,  and  CH+.  These  ions  are  important  in 
various  Air  Force  application  areas,  including  the  atmosphere,  laser 
development,  and  combustion. 

In  this  final  report,  the  results  of  each  research  effort  supported 
will  be  briefly  reviewed.  The  detailed  results  are  Included  as  appendices, 
which  are  reprints  or  preprints  of  journal  articles  describing  the  research. 


II  RESEARCH  ACCOMPLISHMENTS 


A.  Laser-Ion  Coaxial  Beams  Spectrometer 

The  major  advances  in  ion  photofragment  spectroscopy  were  made 
possible  by  the  new  coaxial  beams  spectrometer  constructed  at  SRI  with 
the  joint  support  of  this  contract,  the  National  Science  Foundation, 
the  U.  S.  Army  Research  Office,  and  SRI  International  through  its 
Independent  Research  and  Development  Program.  This  apparatus  was 
constructed  to  allow  laser  excitation  of  ion  beams  in  both  coaxial  and 
crossed  configurations,  and  to  observe  the  photofragments  produced  as  a 
function  of  their  kinetic  energy,  angle  with  respect  to  the  laser 
polarization,  and  the  wavelength  of  the  excitation.  In  addition  to 

1 2 

having  capabilities  not  present  in  the  original  photofragment  spectrometers,  ’ 
the  SRI  apparatus  combines  substantially  increased  resolution  with  a 
similar  Increase  in  sensitivity. 

A detailed  description  of  the  apparatus  and  its  capabilities  is 
given  in  Appendix  A,  a reprint  of  an  article  published  in  the  Review  of 
Scientific  Instruments.  The  application  of  the  facility  to  research 
sponsored  by  this  contract  is  described  in  the  remainder  of  this  report. 

+ *4* 

B.  Photofragment  Spectroscopy  and  Potential  Curves  of  Ar^  and  Kr^ 

The  rare  gases  are  often  used  in  electron  beam  and  high  energy 
discharge  situations,  since  they  can  efficiently  transfer  the  electron 
kinetic  energy  into  electronic  excitation.  The  recently  developed  rare 
gas  excimer  lasers,  the  oxygen  atom  laser,  and  rare  gas-halogen  lasers 
all  depend  on  this  property  of  the  rare  gases.  However,  under  the 
operating  conditions  of  these  lasers,  significant  quantities  of  the  rare 
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+ + 14 

gas  dimer  Ions,  such  as  Ar^  and  Kr^,  are  formed,  and  It  has  been  suggested 

that  these  Ions  may  be  responsible  for  the  gain-inhibiting  visible  and  uv 

absorption  observed  In  these  lasers.  Thus,  It  Is  Important  In  this 

application  to  know  precisely  the  absolute  magnitude  and  the  wavelength 

dependence  of  the  photodlssoclatlon  cross  sections  of  the  rare  gas  dimer 

Ions. 

Photofragment  kinetic  energy  spectra  were  measured  at  wavelengths 

for  both  Ar^  and  Kr^.  From  these  measure- 
ments and  theoretical  calculations,  accurate  potential  curves  were 
determined  for  the  ground  l(%)u  state  and  the  repulsive  l(%)g  and  2(^)g 
states  for  both  ions.  For  Ar^>  Che  1(1) g state  was  determined  as  well, 
and  from  difference  potentials  obtained  in  differential  scattering  work, 
the  l(!)u  and  2(%)u  potential  curves  were  obtained.  These  potential 
curves  were  then  used  to  calculate  the  photodlssoclatlon  (absorption) 
cross  section  from  2000  to  10,000  A for  ions  in  the  ground  vibrational 
level.  For  both  ions,  the  effect  of  spin-orbit  coupling  was  important 
in  determining  the  magnitude  and  wavelength  dependence  of  the  cross 
section  and  the  angular  distribution  of  the  photofragments. 

A reprint  of  a journal  article  describing  in  detail  the  Ar*  work 

+ * . 

is  given  in  Appendix  B.  A similar  article  on  Kr^  la  given  in  Appendix  C. 

C.  Photodissociation  Cross  Sections  of  Ne+,  Ar+.  Kr+.  and  Xet 

The  absorptions  in  the  rare  gas  dimer  ions  occur  in  two  bands,  as 
described  in  Appendices  B and  C.  Previously,  under  other  support,  we 
had  measured*^’ the  absolute  photodlssoclatlon  cross  sections  for 
the  bands  centered  around  7000  A,  using  the  drift  t„be  mass  spectrometer 
apparatus.  These  results  were  used  in  the  potential  curve  determinations 
discussed  above.  However,  no  absolute  cross  section  measurements  were 
available  for  the  uv  bands,  centered  around  3000  A,  and  thus  the  absolute 
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values  of  the  absorption  cross  sections  for  this  band  were  dependent  on 
the  theoretical  calculations.  Further,  measurements  of  these  cross 
sections  provide  an  excellent  test  for  the  accuracy  of  the  potential 
curves. 

To  provide  this  information  on  the  uv  bands,  we  measured  the 
photodissociation  cross  sections  for  Ne*,  Ar*.  Kr*,  and  Xe+  over  the 
wavelength  range  from  3500  to  5400  k,  and  compared  the  results  with 
cross  sections  calculated  using  the  best  available  potential  curves. 

The  results  are  given  in  Appendix  D,  a preprint  of  an  article  accepted 
for  publication  in  Physical  Review  A.  As  a result  of  this  work  and  the 
work  described  above,  the  potential  curves,  transition  moments,  and 
absorptions  of  all  of  the  rare  gas  dimer  ions  are  now  very  well 
characterized. 

D.  Photodissociation  and  Photofragment  Spectroscopy  of  0~ 

The  photodissociation  cross  section  of  0^  was  measured  over  the 
wavelength  range  from  5000  to  6400  k,  using  the  drift  tube  mass  spectrometer 
apparatus.  This  ion  is  an  important  intermediate  in  the  D-region  ion 
chemistry,  and  also  represents  a relatively  simple  system  for  which 
detailed  calculations  of  its  electron  structure  are  becoming  feasible. 

We  observed  a structured  predissociation  that  provides  new  information 
about  the  structure  of  the  ion.  A detailed  description  of  this  work  is 
found  in  Appendix  E,  a reprint  of  an  article  published  in  the  Journal 
of  Chemical  Physics. 

The  coaxial  beams  spectrometer  was  used  to  measure  the  kinetic 

energy  distribution  of  0 photofragments  from  0^  at  seven  wavelengths 

between  4762  and  5905  k.  The  angular  distribution  of  the  photofragments 

clearly  demonstrates  chat  the  transition  is  parallel,  thus  identifying 

2 

the  predissociated  state  as  the  A^.  However,  in  the  dissociation,  most 
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of  Che  available  energy  goes  into  rotation  and  vibration  of  the  0^ 
photofragment,  with  very  little  into  kinetic  energy.  This  leads, 
unfortunately,  to  poorly  resolved  kinetic  energy  spectra.  Improvements 
are  being  made  in  the  ion  source  design  and  the  laser  cavity  configuration 
so  that  during  a continuation  of  this  work,  better  resolved  spectra  can 
be  obtained  and  additional  wavelengths  can  be  studied. 


E.  The  Dissociation  Energy  of  0 


By  measuring  the  kinetic  energy  of  dissociation  of  the  N'  ■ 9 level 

+ 4 • 4 3 

of  the  O^Cb  Ig,  v*4)  state  with  respect  to  the  0 ( S^)  + 0(  P^)  dissociation 

limit,  we  were  able  to  close  a spectroscopic  cycle  including  the  ground 

state  of  0^*  This  allowed  the  determination  of  the  dissociation  energy 

of  02(X)  with  greater  precision  than  the  value  based  entirely  on  the 

optical  spectroscopy  of  oxygen.  The  method  by  which  this  was  done  is 

10 

discused  in  Appendix  F.  Subsequent,  more  accurate  measurements  of  the 
0 photofragment  energy  allowed  a further  reduction  in  this  uncertainty 
by  a factor  of  3,  as  well  as  a similarly  precise  determination  of  the 

■f  4 4*  4 a 

bond  energies  of  the  0 (a  II  ) and  0 (b  Z ) states. 


The  laser-ion  coaxial  beams  photofragment  spectrometer  has  been 

used  with  a tunable  single-mode  laser  to  measure  transition  energies  in 

the  First  Negative  system  of  0*;  the  accuracy  of  these  measurements  is 

an  order  of  magnitude  higher  than  was  previously  possible  in  conventional 

high  resolution  Doppler- limited  emission  spectroscopy.  The  technique 

depends  on  observation  of  photofragment  0+  ions  from  predissociation  of 
4 - 

the  upper  b,  Z^  state  and  thus  allows  study  of  higher  vibrational  levels 

inaccessible  to  normal  emission  spectroscopy.  A multiply  connected  set 

of  measurements,  involving  400  transitions,  was  made  in  the  (4,4)  and 

+ 4 • 4- 

(4,5)  bands  of  the  0 (b  Z - a II  ) system  for  n'  ■ 9-23  in  the  b state 


Co  a precision  and  accuracy  of  abouC  0.0035  cm  . In  addition,  5 lines 
in  the  (3,3)  band,  N'  - 3i  and  33,  and  48  lines  in  the  <5, 5)  band, 

N'  ■ 5 - 17,  were  studied.  Improved  molecular  constants  for  the  1) 
state  were  derived,  as  well  as  improved  Dunham  coefficients.  The 
existing  Hamiltonians  were  shown  to  be  inadequate  to  describe  these 
states  within  the  precision  of  the  present  measurements . 


A major  article  was  prepared  describing  these  results,  which  is 
now  in  press  in  the  Journal  of  Molecular  Spectroscopy.  The  length  of 
this  article  precludes  its  reproduction  as  an  appendix  here.  However 
an  abstract  of  the  article  appears  as  Appendix  G,  and  a preprint  has 
been  submitted  to  AFOSR. 


The  radical  ion  CH  is  well  known  to  be  a constituent  in  flames 


and  is  a basic  building  block  in  interstellar  molecular  formation 

processes.  However,  only  limited  spectroscopic  information  is  available 

Kinetic  energy  distributions  for  C+  photofragments  were  obtained  over 

the  wavelength  range  from  3507  to  6471  k.  In  addition  to  the  direct 
1 + 1 

dissociation  X £ -•An,  two  sets  of  predissociations  were  discovered. 

The  first,  leading  to  near-threshold  C+,  has  been  attributed  to 

1 3 

predissociated  levels  of  the  A II  and  a II  states.  This  result  is 
probably  of  substantial  astrophysical  importance,  and  thus  an  article 
describing  the  work  has  been  submitted  to  The  Astrophysical  Journal. 

A preprint  appears  here  as  Appendix  H. 


The  second  predissociation,  which  yields  photofragments  in  the  range 

3 3 - 

of  1 to  2 eV,  is  most  likely  due  to  the  transition  a II  -*  b E , with  the 

3 ^ 

b.  state  predissociated  by  the  £ Z state.  Although  these  data  have  not 
yet  been  analyzed  in  detail,  they  should  provide  important  new  information 
about  the  poorly  characterized  triplet  system  of  this  molecule. 


H.  Photofragment  Spectroscopy  of  0+ 


Photofragment  kinetic  energy  spectra  of  0^  have  been  obtained  at 
17  wavelengths  between  4579  and  7525  A.  Analysis  of  these  data  is  only 
preliminary,  since  we  expect  to  obtain  additional  data  with  improved 
resolution  and  at  other  wavelengths.  However,  the  analysis  already  made 
yields  a number  of  interesting,  although  preliminary,  conclusions. 

Some  of  the  results  are  illustrated  in  Fig.  1.  From  consideration 
of  all  of  the  spectra,  the  peak  labeled  A is  most  likely  due  to  a 
transition  originating  in  the  (2,0,0)  vibrational  level  of  the  ground 
state  of  0+  and  B and  D are  due  to  transitions  originating  in  the 
(1,0,0)  and  (0,0,0)  levels,  respectively.  From  this  assignment,  the 
bond  energy  Dg(0  -O^)  ■ 0.65  eV,  in  agreement  with  photoionization 
results.  The  vibrational  spacings  Av( (l,0,0)-(2,0,0)]  » 1450  cm  1 and 
Av[ (l,0,0)-(0,0,0)]  - 1700  cm  * are  also  obtained.  From  the  dependence 
of  the  photofragment  kinetic  energy  of  each  of  these  peaks  as  a function 
of  wavelength,  it  can  be  shown  that  the  available  energy  is  partitioned 
into  translation  and  rotation  in  approximately  the  ratio  3/1.  Peaks  C, 

E,  and  F appear  approximately  1600  cm  ^ below  peaks  A,  B,  and  D,  respectively, 
and  are  very  likely  due  to  transitions  that  originate  in  the  ground  state 

levels  represented  by  A,  B,  and  D,  but  for  which  one  quantum  of  vibration 

* 

is  left  in  the  0^  photofragment.  It  should  be  possible  from  Niata  such 
as  these  to  determine  energy  partitioning  into  vibration  as  well  as  into 
rotation  and  translation.  We  expect  to  continue  research  on  this  ion 
under  a renewal  contract,  and  to  prepare  a journal  article  for  publication 
based  on  these  results. 
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PHOTOFRAGMENT  COUNT  RATE  — relative  units 


I.  Photofragment  Spectroscopy  of  CH  I* 

+ 3 

Photodissociation  of  CH  I has  been  briefly  investigated  at  wave- 

v 3 -1 

lengths  from  6100  to  5750  A with  both  moderate  (0.5  cm  ) and  high 

(0.002  cm  S dye  laser  resolution.  In  this  region  the  ion  predissociates, 

producing  CH*  in  seven  complex  vibrational  bands  with  spacings  on  the 
3 -1 

order  of  150  cm  . A moderate-resolution  spectrum  of  these  bands  is 
shown  in  Fig.  2.  The  kinetic  energy  of  the  photofragment  CH*  is  found 
to  vary  regularly  from  band  to  band  and  among  the  rotational  lines 
within  each  band.  High  resolution  velocity-tuned  spectra  of  the 
rotational  lines  reveal  a rich  fine  structure  with  line  spaces  on  the 
order  of  0.02  cm  as  illustrated  in  Fig.  3. 

Current  work  on  CH^I  has  been  impeded  by  the  rather  limited 
velocity-tuning  range  of  0.1  cm  which  is  possible  with  this  heavy 
ion.  Because  this  range  is  smaller  than  the  mode  spacing  of  the  dye 
laser,  continuous  high  resolution  spectra  of  the  bands  have  not  been 
obtained.  We  will  circumvent  this  problem  in  future  work  by  using  a 
continuously  tunable  ring  dye  laser.  We  anticipate  that  this  work  will 
yield  the  most  detailed  information  to  date  on  the  electronic  spectroscopy 
of  a symmetric  top  molecule  and  will  also  permit  critical  testing  of 
current  statistical  treatments  of  energy  partitioning  in  the  dissociation 
of  polyatomic  molecules. 
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fur  Atomphysik  in  Innsbruck,  Austria,  joined  the  research  group  near  the 
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year.  We  now  have  eleven  joint  publications  with  contributions  from  one 
or  more  of  these  visitors,  and  four  other  such  journal  articles  have  been 
submitted  for  publication. 
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APPENDIX  A 

Laser-Ion  coaxial  beams  spectrometer 

B.  A.  Huber,**  T.  M.  Miller,  P.  C.  Cosby,  H.  D.  Zairian,**  R.  L Leon.  J.  T.  Moseley,  and 
J.  R.  Peterson 

Molecular  Physics  Ctntir.  SRJ  InuntarionaL  Menlo  Park.  California  94025 
(Received  7 June  1977;  in  final  fora,  30  June  1977) 

An  apparatus  has  been  constructed  to  provide  laser  excitation  of  ion  beams  in  both  coaxial 
and  crossed  configurations.  The  coaxial  geometry  provides  very  high  sensitivity  and  nearly 
Doppler-free  wavelength  resolution  for  spectroscopic  measurements,  and  allows  the  use  of  the 
Doppler  shift  to  “tune”  the  wavelength.  A novel  transverse  quadrupole  electric  field 
arrangement  is  used  to  deflect  the  ion  beam  into  and  out  of  the  laser  beam  axis.  The  ion 
beam  is  highly  collimated  and  a high-resolution  180*  electrostatic  analyzer  is  used  for 
photofragment  energy  analysis.  The  apparatus  has  demonstrated  a resolution  of  better  than  10 
meV  for  normal  photofragment  spectroscopy  and  0.001  meV  for  coaxial  beams  photofragment 
spectroscopy  using  a single-mode  laser.  While  providing  these  high  resolutions  the  apparatus 
has  an  overall  sensitivity  several  orders  of  magnitude  greater  than  conventional  ones. 


I.  INTRODUCTION 

In  recent  years,  several  research  efforts  have  been 
initiated  to  study  the  photodissociation  of  molecular  ions 
in  beams.  Von  Busch  and  Dunn1  first  examined  the 
wavelength  dependence  of  H*  production  from  H,*, 
using  an  Xe  arc  lamp  and  monochromator,  in  a crossed- 
beams  arrangement.  Subsequently,  Ozenne,  Pham,  and 
Dump  at  Orsay,1  and  van  Asselt,  Maas,  and  Los  in 
Amsterdam3  measured  the  energy  spectra  of  the  dis- 
sociation fragment  ions  using  fixed-frequency  lasers  in  a 
crossed-beams  geometry.  Such  photofragment  spec- 
troscopy studies  yield  information  on  the  potential 
energy  curves,  on  bond  energies,  on  the  population  of 
vibrational  levels  of  the  parent  ions,  and  on  the  energy 
partitioning  among  the  dissociation  fragments  of  poly- 
atomic ions.  Recently  the  group  at  Orsay4  showed  that 
a modification  of  this  technique,  using  tunable  dye  lasers 
at  wavelengths  near  the  dissociation  threshold,  can  be 
used  to  obtain  high-resolution  spectroscopic  data  on 
molecular  ions  via  transitions  to  predissociating 
states.  In  all  of  these  experiments  the  laser  beam 
intersected  the  ion  beam  orthogonally,  where  there 
is  no  Doppler  shift  (although  a Doppler  spread  exists 
due  to  the  angular  divergence  in  the  ion  beam). 

Experiments  have  also  made  use  of  Doppler  shifts  of 
single-frequency  laser  lines  to  excite  fast  beams.  In 
some  cases,1  laser  lines  have  been  shifted  by  varying 
the  laser-fast  beam  intersection  angle,  and  in  others  the 
Doppler  frequencies  were  "velocity  tuned"  to  the  ab- 
sorption frequency  by  varying  the  particle  beam  energy, 
with  the  laser  inclined  at  a small  angle*  or  parallel7"* 
to  the  fast  beam.  These  latter  experiments  also  benefited 
from  a very  effective  narrowing  of  the  Doppler  line  pro- 
file that  can  occur  in  coaxial  laser-fast  beam  arrange- 
ments, as  is  discussed  below. 

We  describe  here  an  apparatus  designed  to  accommo- 
date both  laser  excitation  and  dissociation  studies  of 
ions  in  both  coaxial  (merged  beam)  and  crossed-beams 
configurations.  A novel  and  efficient  ion  beam  deflec- 


tion system  is  used  to  merge  the  ion  beam  with  the  laser 
axis  in  the  coaxial  case.  The  apparatus  can  operate  with 
the  ion  beam  vacuum  chamber  in  the  resonant  cavity  of 
the  laser  for  increased  photon  flux  in  both  configura- 
tions. The  coaxial  configuration  offers  a much  longer 
(10s- 10*  times)  interaction  path  than  the  crossed-beams 
arrangement;  thus,  the  apparatus  has  a much  greater, 
ultimate  sensitivity  than  previous  ion  photodissociation 
apparatuses.  A high-resolution  (i£/£«3  x 10_1) 
energy  analyzer,  used  for  ion  photofragment  energy 
measurements,  can  provide  a resolution  of  I0~*  when 
combined  with  deceleration  of  the  ions.  The  apparatus  is 
a versatile  and  sensitive  tool  for  high-resolution  photo- 
fragment and  optical  spectroscopy  studies  on  ion  beams. 

II.  DESCRIPTION  OP  THE  APPARATUS 
A.  Basic  requirements  and  general  description 

Because,  among  other  uses,  the  apparatus  is  intended 
for  photofragment  energy  measurements,  the  ion  beams 
must  be  well  collimated  and  have  low-energy  spread 
and  yet  must  have  sufficient  intensity  to  perform  the 
desired  experiments.  The  energy  and  angular  resolution 
required  for  photofragment  spectroscopy  can  be  esti- 
mated as  follows. 

The  velocity  diagram  in  Fig.  I defines  various  kine- 
matic parameters  in  a dissociation  event.  If  a molecule 
moving  with  initial  kinetic  energy  £,  and  speed  w„  in 
the  laboratory  frame  dissociates  into  two  fragments  of 
mass  mt  and  mt,  with  total  center  of  mass  (c.m.)  kinetic 
energy  release  W.  the  laboratory  energy  of  m„  ejected 
at  c.m.  angle  <p.  or  laboratory  angle  0,  with  respect  to  the 
beam  direction  is 

„ _ m,/n,  f £,  . , , E,W  W 

Ei  • 1 — 2 cos*>  + — . 

. m j/Hj  / ml  . 

To  simplify  matters,  we  consider  the  case  of  a homo- 
nuclear  diatomic  molecule  (m,  - mt);  then 


Va4.4t.Nt.ie,  OotoUar  1*77 


Fio.  I.  Velocity  diagram  for  a photodissociation  event,  t and  « are 
the  laboratory  and  ceater-of-mass  angle*,  respectively . for  ejection  of  a 
pbotofragment  with  respect  to  the  laboratory  velocity  iv  The  center- 
of-mass  velocities  of  the  two  photo  fragments  are  and  o*.. 

E,  - V*£^l  + 2 (W/EJ11*  cos * + W/E,].  (2) 

The  term  W/E,  is  always  small  (-10**)  in  our  experi- 
ments. and  we  shall  neglect  it  in  determining  the  design 
parameters  of  the  apparatus.  Thus 

E,  - ViEJil  * 20V/EJ*'*  cosgt].  (3) 

Requirements  on  energy  resolution  of  the  apparatus 
can  be  estimated  by  noting  that  for  variations  in  W only. 

9E.  t £*  \1'* 

A£,“  COS*<iH'-  (4) 

As  a typical  example,  let  £,  - 3000  eV.  W - 1 eV.  and 

* 0.  If  the  energy  difference  between  the  vibrational 
levels  in  the  parent  ion  is  400  cm*1  (a  reasonably  small 
value),  then  in  order  to  distinguish  between  ions  dis- 
sociating from  adjacent  levels  we  must  resolve  AW 
- 0.05  eV.  The  ions  dissociating  in  the  forward  direction 
(<p  - 0)  would  be  separated  by  a laboratory  energy 
A£,  « 1.4  eV  at  £,  - 1535  eV,  and  a resolution  of 
A E/E  - 10~*  would  be  required. 

The  effective  energy  resolution  is  decreased  as  the 
range  of  9 near  0*  accepted  by  the  energy  analyzer  is 
increased,  allowing  ions  with  larger  values  of  <p  to  be 
detected.  To  estimate  the  required  angular  collimation. 


let  the  laboratory  energy  of  fragment  ion  A.  dissociated 
at  <p  « 0 and  W « W0,  just  equal  that  of  another  ion  B, 
at  <pm  pu,  (the  maximum  allowed  by  collimation) 
and  W m wa  + A W.  From  Eq.  (3)  these  conditions 
establish 

- cos*'[W/( W + A W)]1'*.  (5) 

The  relationship  between  9 and  < p can  be  seen  from 
Fig.  1 to  be 

9 ■ tan*l[p,csin^/(t;o(  + fifcoM] 

« tan*1[Wl',sin^/(E0‘l1  +•  VV1',cos<p)] 

» ( W/EJM sin*.  (6) 

The  approximation  in  Eq.  (6)  is  made  by  dropping  the 
second  term  in  the  denominator  because  W * £»,  and 
by  noting  that  9<  1.  The  required  collimation. 

can  be  obtained  from  Eq.  (6)  by  letting  * - <e obtained 

from  Eq.  (5).  Again,  for  the  case  E,  ■ 3000  eV.  W - l 

eV,  and  AW  - 0.05  eV.  we  find  from  Eq.  (5)  that  

” 0.22  rad  and  9mut  ■ 4.0  x 10“*  rad.  In  order  to 
permit  the  actual  resolution  of  vibrational  levels  sepa- 
rated by  0.5  eV.  we  estimate  the  required  angular 
definition  by  letting  AW’  ■ 0.02  eV.  less  than  half 

that  of  the  vibrational  spacing.  This  value  sets  <o 

• 0. 14  rad  and  9mu  ■ 2.5  x 10*’  rad.  The  resolution  of 
the  apparatus  is  actually  about  2 x 10"1  rad. 

A diagram  of  the  apparatus  is  shown  in  Fig.  2.  Ions  are 
extracted  from  an  ion  source  (described  below),  focused, 
mass  selected,  and  enter  the  main  collimating  drift  space 
which  is  defined  by  two  2-mm-diam  apertures  A2  and 
A3  separated  by  1 m.  Sets  of  vertical  and  horizontal 
deflection  plates  are  placed  at  several  appropriate  posi- 
tions along  the  beam  path. 


ION  SOUNCS  SOCUOHM.  ANGULAR  LASS*  ANGULAR  WOIQNIS— IT  ON 

f XT*  ACT  ION.  COLLIMATION  INTI*  ACTION  A (SOLUTION  (NtROV  A (SOLUTION 

MASS  SSLSCnON  AMO  OSTSCTION 


Fio.  2.  Schematic  of  (h*  coaxial  beams 
spectrometer.  Ion  beam  lenses  an 
desifnated  by  L.  deflectors  by  0.  aper- 
tures by  A.  laser  power  meters  by  P.  and 
the  quadra poies  by  Q. 
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The  collimated  ion  beam  is  next  deflected  90*  and  into 
the  laser  beam  by  an  electric  quadrupole  field  whose  axis 
is  perpendicular  to  the  ion  beam.  These  quadrupole  de- 
flectors1* have  exceptionally  good  ion  optical  properties 
as  well  as  a very  useful  physical  configuration  for  coaxial 
laser-ion  beam  experiments.  After  traversing  a 50-cm 
drift  length,  the  beam  (or  the  desired  photofragment 
sample)  is  further  deflected  90°.  parallel  to  its  original 
direction,  by  a second  electric  quadrupole.  The  poten- 
tials on  the  second  deflector  are  set  to  direct  either  the 
desired  fragment  ions  or  the  main  beam  along  the  final 
drift  path.  This  path  is  1.3  m long  and  collimation  to 
'■2.5  x 10*1  rad  is  obtained  from  a 2- mm  entrance 
aperture  to  the  deceleration  lens  that  precedes  the 
energy  analyzer. 

After  energy  analysis,  the  ions  are  detected  by  a 
Channeltron  electron  multiplier  and  the  resulting  pulse 
signals  are  counted  in  a multichannel  scaler  whose 
channels  are  advanced  synchronously  with  the  voltage  in 
the  energy  analyzer  so  that  a spectrum  of  the  dissocia- 
tion fragment  ions  is  stored  in  the  scaler  for  eventual 
readout  to  a CRT.  recorder,  or  off-line  computer. 

The  laser  beam  can  be  placed  either  coaxially  with 
the  ion  beam  in  the  interaction  region,  or  at  90s,  depend- 
ing on  the  polarization  requirements,  and  the  interac- 
tion chamber  can  be  operated  intracavity  with  the  laser. 
Brewster  window  ports  in  the  chamber  walls  minimize 
the  power  loss. 

B.  Ion  source 

For  many  of  the  anticipated  photodissociation  and 
spectroscopic  studies  on  molecular  ions,  it  is  important 
to  have  an  ion  source  capable  of  operating  at  relatively 
high  pressures  so  that  ions  can  be  formed  from  three- 
body  reactions  (for  complex  and  rare-gas  molecular 
ions);  also  it  should  be  possible  to  form  ions  that  are  not 
too  vibrationally  or  rotationally  hot.  For  these  purposes 
we  have  chosen  a cold-cathode  discharge  source  based 
on  a design  of  Lange.  Huber,  and  Wiesemann.11  How- 
ever, we  use  a hollow  cathode  instead  of  their  planar 
geometry,  in  order  to  achieve  a quiet  discharge  and  to 
improve  the  lifetime  of  the  source.  The  source  operates 
at  pressures  between  0.1  and  l Torr.  The  cathode- 
anode  spacing  can  be  varied  and  optimized  for  maximum 
output.  The  ions  are  extracted  from  a 0.6-mm  aperture 
in  the  anode.  The  anode  and  extraction  lens  are  shaped 
to  form  a planar  Pierce  system  to  minimize  space  charge 
effects.  For  ions  formed  by  direct  electron  impact  (AT*. 
(V.  O'*,  etc.),  the  extracted  ion  current  behind  the 
extraction  lens  is  in  the  range  of  10~*-10~r  A.  Ions 
formed  from  three-body  or  secondary  reactions  such  as 
A r,*  may  be  100  times  less  abundant.  The  width  of  the 
kinetic  energy  distribution  was  measured  to  be  as  small 
as  0.6  eV  for  Ar,*  ions,  and  it  was  found  to  depend  on 
source  pressure  and  cathode-anode  potential.  For  Oj* 
formed  at  low  pressure  under  conditions  that  maximize 
Q**(«4n,)  production,  the  energy  spread  was  found  to  be 
-3  eV. 


C.  Ion  optica 

As  mentioned  above,  the  experiment  requires  a mass 
selected  ion  beam  with  an  angular  divergence  of  about  2 
mrad  to  obtain  adequate  energy  resolution  and  a beam 
diameter  close  to  2 or  3 mm  to  maximize  overlap  with 
the  laser.  In  order  to  satisfy  these  conditions  without 
large  losses  in  beam  intensity  we  deflect  the  beam 
through  45°  using  a magnetic  sector  with  equal  en- 
trance and  exit  angles  of  14.38°  (between  ion  beam 
and  the  perpendicular  to  the  pole  faces).  These  angles 
were  chosen11  to  achieve  equal  focusing  properties  in 
the  bending  and  in  the  nonbending  planes.  Calculations 
of  the  ion  trajectories,  taking  into  account  the  effect  of 
the  exte  nded  fringing  field,  revealed  a distance  of  26.88 
cm  between  the  focal  point  and  the  entrance  face  of  the 
magnet  for  point-to- parallel  focusing. 

In  order  to  obtain  a well-collimated  ion  beam  beyond 
the  magnet,  the  ion  optics  between  the  source  and  the 
magnet  were  designed  so  that  the  extraction  region  can 
be  imaged  at  the  focal  point  of  the  magnet.  The  ion 
optics  consist  of  two  einzel  lenses  separated  by  a small 
limiting  aperture  A1  (Fig.  2).  The  geometry  of  the  einzel 
lenses  was  chosen  to  minimize  aberration  effects;  the 
focusing  properties  were  computed  using  standard 
matrix  methods.11  The  first  lens  focuses  the  extracted 
ion  beam  onto  the  aperture  and  the  second  lens  forms 
a virtual  image  at  the  focal  point.  The  2-mm  apertures 
A2  and  A3  in  the  drift  region  following  the  magnet 
finally  define  the  ion  beam  with  a maximum  angular 
divergence  of  2 mrad.  Using  the  calculated  potentials 
for  the  einzel  lenses  (optimized  within  10%)  we  found 
a 30%  loss  in  ion  beam  intensity  at  each  of  these  aper- 
tures, resulting  in  usable  ion  currents  between  I x 10~* 
and1 3 x 10“‘*  A for  O,*  and  Ar,*  ions,  respectively. 

The  primary  function  of  the  magnet  is  to  provide  mass 
selection  for  the  ion  beam.  The  ions  are  deflected 
through  an  angle  of  about  45°.  From  purely  geometrical 
considerations,  an  angular  collimation  of  2 x 10~3  in  the 
beam  will  give  a mass  resolution  Im/m  of  about  5.6 
x 10“*.  This  is  twice  the  observed  value  of  about 
2.8  x 10~*  FWHM  obtained  in  a Kr,*  mass  spectrum; 
thus  the  effective  angular  collimation  must  actually 
approach  1 x t0~*. 

There  is  also  an  energy  selectivity  associated  with 
the  magnetic  deflection  of  a single  mass.  The  relative 
energy  selectivity  SE/'E  should  have  the  same  value  as 
the  observed  A/n/m , so  would  be  expected  to  be  about 
3 x 10“*.  This  provides  a predicted  window  of  about 
9-eV  FWHM  at  3000  eV,  which  does  not  affect  the  posi- 
tive ion  beams,  whose  natural  energy  spreads  are  much 
less.  For  negative  ion  beams,  whose  energy  widths  may 
exceed  10  eV,  a reduction  in  the  size  of  A1  and  A3  can 
be  used  to  limit  the  width  of  the  energies  transmitted 
to  the  interaction  region. 

For  those  cases  where  a higher  ion  current  is  needed 
and  the  high  angular  resolution  is  not  necessary,  two 
additional  einzel  lenses  are  installed  before  the  first 
and  after  the  second  quadrupole  deflector.  Thus,  a focal 


130a  Rev.  Set.  Inatrum.,  Vol.  4*.  No.  10.  October  1*77 


130* 


KINETIC  ENERGY  E l«V> 

Fid.  3.  Energy  analyzer  teat  data.  Potential  U between  analyzer 
plates  venua  transmitted  energy  E— dots.  Energy  width  A£  of 
analyzer  versus  £ — triangles. 

point  of  the  ion  beam  can  be  formed  in  the  interaction 
region  between  the  two  bending  units. 

0.  Energy  analysis 

The  relative  energy  resolution  1E/E  necessary  for 
photofragment  spectroscopy  is  about  (2-3)  x 10~V  In 
the  experiment  this  value  is  obtained  by  using  a hemi- 
spherical 180*  electrostatic  analyzer  combined  with  a 
deceleration  system.  The  kinetic  energy  of  the  photo- 
fragments  is  first  reduced  by  a factor  of  10  without  large 
intensity  loss  so  that  the  resolution  of  the  analyzer  itself 
has  to  be  only  about  2 x l O'1. 

The  deceleration  system  is  formed  from  the  first  half  of 
a filter  lens.14  It  consists  of  13  plates  with  3-mm  aper- 
tures. each  plate  separated  by  3 mm.  The  ion  kinetic 
energy  is  reduced  in  a parabolic  electric  field14  (achieved 
with  a resistor  divider  chain)  by  a factor  of  10.  accom- 
panied by  ion  losses  of  only  about  30%-60%.  The  exit 
of  the  deceleration  system  and  the  entrance  of  the  energy 
analyzer  are  connected  by  an  einzel  lens  in  order  to 
collimate  the  slightly  diverging  beam  into  the  entrance 
aperture  of  the  analyzer. 

The  180*  hemispherical  electrostatic  analyzer  used  for 
the  final  energy  analysis  has  a median  radius  of  150  mm 
and  a gap  distance  of  15  mm.  The  width  of  the  two  elec- 
trodes is  60  mm  and  the  sides  of  the  gap  are  shielded  by 
two  "Matsuda"  plates.1*  the  potential  of  which  can  be 
adjusted  with  respect  to  the  center  potential.  This  type  of 
analyzer  was  chosen  rather  than  a 127°  cylindrical  ana- 
lyzer because  of  the  higher  energy  dispersion  and  the 
focusing  properties  in  both  planes. 

The  voltage  U between  the  two  electrodes  and  the 
ki..etic  energy  E of  the  ions  are  related  by  the  following 
equation1*: 

U » 2/’<,(r,  - rj)£/(r,r5)  - cE.  (7) 

where  and  r„  are  the  radii  of  the  outer  and  inner 
electrodes  and  the  central  trajectory,  respectively.  For  a 
gap  distance  of  15  mm  and  r0  * 15  mm,  the  analyzer 
constant  c was  calculated  to  be  0.2005.  This  value  agrees 
with  an  experimental  determination  from  a least-squares 
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fit  to  the  data  in  Fig.  3,  which  shows  the  results  of  an 
experimental  check  of  Eq.  (7).  In  order  to  obtain  the 
same  potential  for  the  central  trajectory  as  for  the 
entrance  and  exit  apertures,  the  potentials  of  the  inner 
and  outer  electrodes  had  to  be  asymmetric  by  5 % with 
respect  to  central  potential.  The  optical  properties  of 
the  analyzer,  the  fringing  field  effects  and  the  image 
aberrations,  which  limit  the  ret  mg  power,  were  calcu- 
lated to  second  order  using  the  matrices  given  in  Ref.  16. 
For  entrance  and  exit  slits  of  l -mm  width  the  calculated1* 
resolution  of  the  analyzer  was  6. 67  x i o~*.  In  the  experi- 
ment we  measured  the  half-width  of  the  primary  beam 
for  different  kinetic  ion  energies.  The  result  is  also 
shown  in  Fig.  3.  The  linear  increase  at  the  energies  of 
these  data  is  due  to  the  finite  energy  resolution  of  the 
analyzer;  at  lower  energies  the  data  would  approach  a 
constant  value  of  \E  of  about  0.6  eV,  which  was  pre- 
viously found  to  be  characteristic  of  this  type  of  ion 
source.  From  the  slope  of  the  curve  we  obtain  a resolu- 
tion of  3.0  x 10“*.  Thus  the  overall  resolution  of  the 
detection  unit  with  a factor  of  10  deceleration  is  3.0 
x 10~*.  Better  resolution  is.  of  course,  possible  if  the 
entrance  and  exit  slits  are  narrower  or  if  greater  decelera- 
tion is  used.  However,  since  the  energy  half-width  of  the 
primary  ion  beam  is  about  1 eV,  the  present  geometry  is 
adequate  for  ion  transmission  energies  of  up  to  200  eV 
(after  deceleration). 

The  photofragments  exiting  the  energy  analyzer  are 
accelerated  again  to  about  3 keV  before  entering  the 
Channeltron  detector.  The  pulses  are  normalized  in  a 
preamplifier  and  accumulated  in  a multichannel  scaler. 
The  photofragment  kinetic  energy  spectrum  is  obtained 
by  setting  the  hemispherical  analyzer  voltages  for  a 
fixed  ion  transmission  energy  (typically  200-  30CeV)  and 
linearly  varying  the  voltage  applied  to  the  deceleration 
lens  system  over  the  desired  range  of  photofragment 
energies.  The  sweep  of  the  deceleration  voltage  is  gen- 
erated by  a D-A  converter/high  voltage  op-amp 
combination  which  is  driven  by  the  channel  address  of 
the  multichannel  scaler.  Thus,  the  spectra  are  obtained 
witn  constant  transmission  energy  and  energy  resolu- 
tion, and  nearly  constant  transmission  efficiency.  Since 
the  quadrupole  benders  are  also  weakly  energy  selective 
(energetic  window  40  eV  at  1500  eV),  the  potentials  on 
tne  second  quadrupole  must  also  be  changed  propor- 
tionally to  the  change  in  detected  photofragment  energy. 
If  the  einzel  lens  E5  is  used,  its  voltage  must  be  scanned 
in  a similar  manner. 


The  deflection  systems  that  bend  the  ion  beam  into  and 
out  of  the  laser  beams  are  electrostatic  quadrupoles 
oriented  perpendicularly  to  the  bending  plane,  a novel 
ion  optical  arrangement.1*  which  is  very  well  suited 
for  this  use.  It  permits  an  ion  beam  to  merge  coaxially 
with  a laser  beam  without  either  the  use  of  cumbersome 
magnets  or  the  more  conventional  types  of  electrostatic 
deflection  electrodes  which  would  usually  require  some 
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Fio.  4.  Phoiofrajmem  energy  spectrum  for  Ar,*  + /ik  -•  Ar* 
+ Ar  at  752J  A.  The  lower  energy  scale  gives  the  laboratory  photo- 
fragment  energy,  which  is  directly  measured;  the  upper  scale  gives  the 
total  separation  energy  determined  as  discussed  in  the  text. 

form  of  opening  to  be  placed  in  one  of  the  electrodes 
to  afford  passage  of  the  laser  beam  at  the  expense  of 
field  homogeneity.  The  capability  of  viewing  the  ion 
beam  axis  before  and  after  deflection  greatly  eases 
alignment  procedures.  Moreover,  the  quadrupole  deflec- 
tors are  quire  achromatic,  creating  little  distortion  in  the 
ion  beam  after  it  has  been  bent  through  90*.  Ions  on 
one  side  of  the  beam  in  the  plane  of  deflection  are 
switched  to  the  opposite  side  after  passage  through  the 
quadrupole.  but  the  angular  collimation  of  the  beam  is 
essentially  unchanged  even  for  a relatively  large  energy 
dispersion  (10%).  Edge  effects  due  to  flinging  fields 
at  the  entrance  and  exits  of  the  quadrupoles  are  cor- 
rected with  shim  electrodes  as  described  in  Ref.  10. 
In  tests  of  this  apparatus  with  a 3-ke  V ion  beam  whose 
energy  spread  was  about  1 e V.  essentially  all  of  the  beam 
that  had  passed  through  the  two  collimating  apertures 
A2  and  A3  (2-mm  diam  separated  by  1 m)  also  passed 
through  a 3-mm  aperture  at  the  end  of  the  33-cm  drift 
space  following  the  first  90*  deflection. 

The  energy  dispersion  of  a quadrupole  deflector  is 
about  85%  of  that  of  a conventional  127*  energy  analyzer 
of  equal  angular  aberration."  and  is  manifested  in  a dis- 
placement of  the  ion  trajectories  in  the  bending  plane, 
rather  than  an  angular  dispersion,  so  that  a long  coaxial 
drift  path  following  the  first  deflection  can  be  accommo- 
dated without  loss  of  overlap  of  the  ion  beam  with  the 
laser.  The  absence  of  angular  dispersion  due  to  the 
benders  also  permits  a high  degree  of  angular  resolution 
without  loss  of  signal  at  (he  energy  analyzer  and  permits 
a much  higher  resolution  of  the  ion  dissociation  fragment 
energy  spectra  than  has  been  possible  in  previous 
experiments. 

As  the  energies  of  the  fragment  ions  are  scanned  by 
the  180*  energy  analyzer,  the  potentials  on  the  second 
quadrupoles  are  swept  so  that  fragment  ions  of  the 
proper  energy  are  directed  onto  the  center  of  the  en- 
trance aperture  of  the  energy  analyzer.  The  quadrupole 
voltage  is  approximately  0.7  times  the  kinetic  energy 
(eV)  of  the  transmitted  ions." 


The  apparatus  can  accommodate  laser- ion  beam  stud- 
ies in  both  coaxial  and  90*  crossed-beams  geometries. 
In  each  case,  the  ion  Augments  ejected  at  angles  near 
9 ■ 0 or  180*  are  observed  along  the  beam  axis  at  the  lab 
angle  0,  - 0 ± 0.001  (A0  ~ 2 x io*»  rad).  Proper  ad- 
justment of  the  second  quadrupole  potentials  is  required 
to  assure  that  9 * 0;  otherwise  the  values  of  W deduced 
from  Eq.  (2),  with  9 - 0 (or  it),  will  be  incorrect  (and  will 
always  be  low).  This  complication  is  a necessary  by- 
product of  the  coaxial  geometry  which  requires  deflec- 
tion of  the  dissociated  ions  before  they  are  energy 
analyzed,  and  did  not  exist  in  earlier  experiments.  How- 
ever, this  alignment  problem  is  easily  solved  and  has  pre- 
sented no  real  drawback  to  the  method. 

A.  Coaxial  lasar-lon  baam  configuration 

The  coaxial  configuration  permits  a large  interaction 
volume;  the  laser  and  ion  beams  are  merged  over  a 33- 
cm  length.  Since  the  laser  beam  is  usually  about  2 mm  in 
diameter,  the  interaction  volume  is  100-  200  times  larger 
than  that  afforded  by  the  conventional  crossed-beams 
geometry,  and  the  resulting  sensitivity  of  the  apparatus  is 
similarly  increased.  However,  since  the  laser  polariza- 
tion is  always  at  right  angles  to  the  ion  velocities,  this 
advantage  is  fully  effective  only  for  •‘perpendicular’’ 
transitions,  where  the  fragment  ions  are  ejected  pri- 
marily perpendicularly  to  the  laser  polarization,  and 
thus  in  the  direction  of  motion  of  the  parent  ion  beam 
(#»0orir)  for  dissociations  near  the  energetic  threshold 
(W  — 0).  or  for  excitations  that  do  not  result  in  dis- 
sociation. 

A typical  spectrum  for  the  reaction  Ar,*(*2,*)  +■  hv 
— Ar*  Ar  is  shown  in  Fig.  4 for  a 3-keV  parent  ion 
beam  and  coaxial  laser  at  7525  A.  The  spectrum  is  sym- 
metric since  photofragments  ejected  into  c.m.  angles  0 
and  it  are  detected  with  nearly  equal  efficiency.  The 
center  of  the  spectrum  is  at  1500  eV.  as  expected  for  the 
photodissociation  of  a homonudear  diatomic.  A scale  in 
the  photodissociation  energy  W,  as  calculated  from  Eq. 
(2),  is  shown  at  the  top  of  the  figure.  A detailed  study 
has  been  made  of  this  photodissociation  using  both 
coaxial  and  crossed  laser  beams  at  14  wavelengths 
between  4579  and  7993  A.  This  work17  was  used  to  deter- 
mine the  *!,*,  sIf*.  and  *11,  potential  curves  of  Ar,*  to 
substantially  higher  accuracy  than  had  been  previously 
possible.  The  identification  of  the  peaks  shown  in  Fig.  4 
was  based  on  this  work. 

We  note  that  individual  vibrational  levels  are  not  re- 
solved here,  as  they  have  been  for  Hf*  ,J  and  Ot~." 
This  is  not  surprising  since  the  spacing  of  the  Ar-*  vibra- 
tional levels  is  only  about  30  meV,  and  the  rotational 
spread  at  our  ion  source  temperature  ( -400  K)  is  of  this 
order.  When  this  rotational  spread  is  combined  with  the 
finite  energy  resolution  of  the  apparatus,  it  is  clearly  dif- 
ficult to  resolve  the  individual  vibrational  levels  in  Art*. 
An  example  will  be  shown  later  where  vibrational  levels 
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Fig.  5.  Spectrum  of  ptaxoftagmcms  observed 
near  W » 0 as  a function  of  wavelength  for 
the  transition  indicated  on  the  figure. 


of  CV  are  well  resolved,  and  the  energy  resolution  of 
the  apparatus  is  demonstrated  to  be  about  5 * 10-*. 

The  angular  dependence  of  the  photodissociation  frag- 
ment ions  has  been  treated  by  Zare  and  Hershbach1* 
for  cases  of  zero  and  infinite  dissociation  (or  predissocia- 
tion) times  and  by  Ling20  for  varying  lifetimes  of  the 
intermediate  state.  In  the  zero-lifetime  case1*  the  distri- 
butions behave  as  F(0)  * [1  + 0/2(3  cos*0  - 1)], 
where  0 is  the  angle  between  the  laser  polarization  vec- 
tor and  the  c.m.  fragment  ion  velocity,  and  >1  s 0 s 2. 

The  angular  distribution  can  thus  vary  from  isotropic 
to  cos*0  or  sin*0.  Inclusion  of  varying  lifetimes**  and  the 
effects  of  spin-orbit  coupling17  significantly  complicate 
this  picture,  but  ail  basically  tend  to  make  the  angular 
distribution  more  nearly  isotropic.  Thus  fragment  ion 
spectra  can  often  be  observed  even  for  basically  parallel 
transitions  (AA  - 0),  with  coaxial  beams  where  Pifi) 
* sin*0  in  the  limiting  case.  An  example  of  this  is  the 
«-  !1,*  transition  shown  in  Fig.  4. 

The  coaxial  beams  arrangement  is  also  well  suited  to 
the  threshold  (or,  perhaps  better,  ''predissociation") 
photofragment  spectroscopy.4  With  this  technique,  a 
tunable  laser  is  used  to  investigate  photodissociations  as 
a function  of  laser  wavelength,  near  the  threshold,  which 
result  in  near-  zero-energy  photo  fragments.  These  photo- 
dissociations can  result  from  transitions  to  a repulsive 
potential,  to  quasibound  levels  near  the  dissociation 
limit  (as  in  rotational  predissociation),  or  to  a predis- 
sociating bound  state.  For  predissociations  such  as  are 
observed  in  O,*.  the  resolution  depends  primarily  on 
the  lifetime  of  the  predissociating  level,  the  energy 
spread  in  the  ion  beam,  and  the  line  width  of  the  laser. 
The  characteristics  of  the  photofragment  spectra  ob- 
served as  a function  of  both  kinetic  energy  and  wave- 
length allow  the  dissociating  state  to  be  identified,  and 
levels  of  both  initial  and  final  states  to  be  determined.  A 
typical  wavelength  spectrum  of  the  dissociation  cross 
section  obtained  in  this  way  for  the  transition  Ot*(«4n.. 
v ■ 4)  hv  — 0*  + 0 is  shown  in  Fig.  3.  Here  the  ob- 
served energy  resolution  is  0.1  meV,  as  compared  with 
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about  30  meV  for  normal  photofragment  spectros- 
copy .*Air,M  The  peaks  shown  in  this  figure  correspond  to 
transitions  between  specific  rotational  and  fine  structure 
levels  of  the  u4II,  state  and  the  b4X,  and  f* II,  states. 
Work  is  currently  underway  to  interpret  results  such 
as  those  shown  in  Fig.  6 in  terms  of  the  energy  levels 
of  these  states.  In  order  to  avoid  the  complication 
of  the  two  Doppler-shifted  frequencies.  c«(  1 ± vie),  seen 
by  the  beam  in  the  intracavity  operation,  these  data 
are  obtained  using  the  extracavity  laser  beam. 

Another  advantage  of  the  coaxial  configuration  is 
that  the  ions  in  fast  beams  can  have  a very  narrow 
Doppler  width  for  absorption  of  the  laser  photons.  This 
effect  was  recognized  early  in  the  planning  of  our  ap- 
paratus and  has  since  been  discussed21  and  exploited*-* 
by  others.  The  energy  spreads  of  a few  eV  or  less  in 
the  laboratory  frame  of  reference  that  characterize 
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Fra.  7.  Photofragment  energy  ipectrum  for  0,*(a*n.)  *►  -•  O* 

+■  O obtained  at  5846  A using  crossed  beams. 

beams  from  many  ion  sources  are  unchanged  when  the 
ions  are  accelerated  through  electrostatic  fields  and  the 
c.m.  distribution  of  velocity  components  along  the 
beam  axis  becomes  very  narrow,  with  equivalent  kinetic 
temperatures,  as  seen  by  the  laser,  of  a few  kelvins. 
The  increased  absorption  strength  at  line  center  and 
narrowness  of  optical  transition  lines  can  be  very  use- 
fill  in  high-resolution  spectroscopic  studies  and  photo- 
excitation of  ions,  or  using  fast  neutral  beams  produced 
by  charge  transfer  from  ion  beams.  To  achieve  optimum 
resolution,  single-frequency  lasers  must  be  used.  Fine 
"tuning"  of  the  absorption  wavelengths  can  be  achieved 
at  a fixed  laser  frequency  by  varying  the  ion  beam  energy 
and  Doppler-shifting  the  absorption  lines  through  the 
laser  frequency.  The  electrostatic  cage  shown  in  Fig.  2 is 
used  to  vary  the  beam  energy  and  obtain  such  a "veloc- 
ity-tuned" spectrum.  Thus  by  use  of  a relatively  simple 
voltage  sweep  one  can  effectively  use  fixed  frequency, 
multiline  lasers  such  as  CO  and  CO,  lasers  as  though 
they  were  continuously  tunable,  and  can  "tune" 
single-frequency  dye  lasers  in  the  visible  over  several 
angstroms. 

An  example  of  a velocity-tuned  spectrum  is  shown  in 
Fig.  6.  To  obtain  this  spectrum,  the  beam  energy  was 
swept  from  3180  to  3600  eV.  while  the  laser  was 
operating  single-frequency  near  3818  A.  While  the  ab- 
solute wavelength  is  uncertain  by  si  A.  the  relative 
wavelength  is  precise  to  within  ±0.0003  A (30  MHz) 
and  the  laser  linewidth  was  only  0.0001  A.  The  five  dis- 
tinct peaks  and  the  shoulder  all  tie  within  the  band  of  0.2 
A indicated  in  Fig.  6.  and  together  make  up  the  peak 
labeled  3813.3  in  that  figure.  The  peak  widths  in  this 
spectrum  vary  from  170  MHz  (0.7  x 10-*  eV)  to  700 
MHz  (2.9  x to-*  eV).  reflecting  the  lifetime  of  the  pre- 
dissociating states.  The  3-eV  energy  spread  of  the  ion 
beam  causes  a Doppler  width  of  120  MHz  which  is  folded 
into  the  observed  widths.  This  technique  should  yield 
measurements  of  transition  energies  that  are  an  order  of 
magnitude  more  precise  than  existing  spectrographic 
measurements. 

Obviously,  the  velocity-tuned  spectroscopy  described 
above  can  also  be  applied  using  a collisions!  detection 


scheme”  for  both  vibrational  and  electronic  transi- 
tions. This  technique  has  the  advantage  of  not  requiring 
that  the  transition  lead  to  predissociation,  but  requires 
the  use  of  phase-sensitive  detection  since  a small  change 
in  the  primary  ion  current  must  be  observed. 

Finally,  although  this  capability  has  not  yet  been 
demonstrated,  calculations  show  that  it  should  not  be 
difficult  to  observe  laser-induced  fluorescence  from  the 
beam.  A photomultiplier  and  filter  for  this  type  of  ob- 
servation are  indicated  in  Fig.  2.  In  some  cases,  it 
should  be  possible  to  use  a monochromator  to  observe 
the  fluorescence  and  determine  not  only  the  absorbing 
states  but  also  the  fluorescence  channels. 

B.  Croaaad-beam  configuration 

When  "parallel"  transitions  (AA  - 0)  in  photodis- 
sociation yield  angular  distributions  with  near-zero  frag- 
ment ion  intensities  along  the  axis  in  the  coaxial  arrange- 
ment. the  laser  polarization  vector  can  be  oriented  along 
the  beam  axis  by  directing  the  laser  at  90*  to  the  ion  beam 
axis  in  the  more  traditional  arrangement.  An  example  is 
shown  in  Fig.  7,  which  shows  the  photofragment  energy 
spectra  of  the  photofragments  following  the  a4!!, 
-/HI,  transition  in  O,*.  as  was  observed  by  Tabchd- 
Fouhailll  et  at.  '*  (as  compared  to  the  wavelength  de- 
pendence of  the  cross  section  near  threshold  as  shown  in 
Fig.  3).  Here  the  vibrational  spacings  of  the  aHI,  initial 
state  are  sufficiently  large  to  be  well  resolved  by  the 
energy  analyzer,  and  the  structure  seen  in  Fig.  7 shows 
the  high-energy  resolution  obtainable  in  this  apparatus. 

These  data  were  obtained  at  3846  A.  and  are  directly 
comparable  to  the  same  results  shown  in  Fig.  3 of  Ref. 
18.  The  apparent  differences  are  the  larger  peak  at  W - 0 
and  the  additional  structure  in  our  data.  The  main  vibra- 
tional levels  observed  here  (e*  - 3, 6,  and  8)  agree  with 
those  in  Ref.  18  within  the  combined  experimental  uncer- 
tainties (±20  meV),  and  with  the  locations  expected 
from  optical  and  photoeiectron  spectroscopy  (see  Ref. 
18).  Dissociation  from  levels  if  - 9 and  13.  not  observed 
in  Ref.  18.  is  clearly  present  here  as  are  shoulders  on 
the  e*  « 3 and  6 peaks  and  on  the  central  peak.  The 
xT  m 5 and  6 shoulders  probably  arise  from  dissocia- 
tion via  the  O <*P,)  state.’*  The  fact  that  the  W - 0 
peak  is  larger  in  the  present  data  can  be  due  to  a very 
slight  difference  in  wavelength  in  the  two  experiments, 
since  the  photofragment  signal  near  3846  A varies 
rapidly  with  wavelength,  as  in  the  data  of  Fig.  3. 
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APPENDIX  B 


Photofragment  spectroscopy  and  potential  curves  of  Ar+2  "> 

J.  T.  Moseley,  R.  P.  Saxon,  B.  A.  Huber, w P.  C.  Cosby,  R.  Abouaf,cl  and  M.  Tadjaddina* 

M oiaeuiar  Ptiyoa  Cmur,  Stanford  Mamarek  liutuum.  Unto  Pork,  California  90025 
(Rvexrwd  ) May  1977) 

PhourtTxgmxm  wup  datnbuoom  hava  baaa  mamuai  for  (ha  procaw  )+*w— Ar'-t-Ar  uang  a 

3 k«V  ion  baam  and  car  laaan  both  coaxial  and  croaaad  with  (ha  ion  baaa.  polartzad.  raapacavdy, 
parpandicular  and  parmlW  (o  (ha  ion  baaa  diracooo.  Maaaoraaana  ware  aada  at  14  wavekafths  bataraan 
4379  and  7993  A.  Trannnom  to  (ha  diaaoctadvc  stata  ’n,  and  'X*  are  obaarvad,  a are  (ha  effect*  of  (ha 
*pia-orbi(  uteracaoo  In  Aft'.  The  expenaental  raaultt  are  uiad  alone  with  (haortbcal  ca leu  1* none  to 
dataraaa  the  lS^ . 2X^.  and  ‘II,  pocawiah  The  effect*  of  (ha  spin-orbit  inunction  on  the  potential 
curvet,  the  magnitude  and  wavelength  dependence  of  (ha  photodiaaociation  Croat  lection,  and  the  angular 
distribution*  of  the  photofragmantt  are  rontidarad. 


I.  INTRODUCTION 

Thn  potentials  of  Ar{  have  bnnn  ex ta naively  investi- 
gated using  techniques  of  coUUion  apnctroacopy.  Early 
measurements1-*  established  tha  affects  of  the  *nr  and 
*n.  states  In  producing  the  dominant  Interference  pat- 
tern observed  In  differential  scattering  measurements. 
More  recent  measurements  of  this  type1-4  were  used  to 
determine  the  ,n,-*n.  difference  potential  and  the  *2; 
well  depth,  and,  through  comparison  with  theoretical 
calculations  such  as  those  of  Mulllken1  and  of  Gilbert 
and  Wahl, ' to  construct  these  three  Ar;  potentials. 

Other  a b initio  calculations  of  these  Ar:  potentials  have 
been  made  by  Sidle,  Barat,  and  Dhuicq*  and  by  Stevens, 
Gardner,  and  Karo. ia 

Figure  1 shows  the  four  ArJ  potentials  relevant  to 
this  work,  in  the  absence  of  spin-orbit  splitting.  The 
potentials  shown  here  are  drawn  to  represent  those  de- 
termined from  tbs  measurements  reported  la  this  paper. 
They  are  Introduced  at  this  point  to  show  qualitatively 
the  expected  positions  of  the  potentials  in  order  to  facili- 
tate discussion.  All  of  the  above-mentioned  Ar*  poten- 
tials are  within  a 0. 2 eV  of  the  potentials  Illustrated  in 
Fig.  1. 

The  abeolute  photodissociation  cross  section  for  the 
reaction 

ArJ(*ry + Ar*  *Ar  (1) 

taking  place  via  the  'll;  potential  has  been  measured 
over  the  wavelength  range  from  3690  to  8950  A by  Mil- 
ler, Ling,  Saxon,  and  Moseley. M This  cross  section 
was  compared  with  the  cross  section  which  would  re- 
sult from  the  potentials  of  Mlttmann  and  Weiss*  and 
Gilbert  and  Wahl,  * and  it  was  concluded  that  neither  of 
these  potentials  could  result  in  the  measured  photodls- 
soctation  cross  sections.  However,  shifts  of  these  po- 
tentials on  the  order  of  0. 1 eV  (in  opposite  directions) 
could  produce  agreement  with  the  dam,  and  0. 1 eV  is 


certainly  within  the  expected  uncertainty  in  these  poten- 
tials. The  more  recent  calculations  of  Stevens  at  ol. 10 
produce  much  better  agreement  for  the  wavelei^th  de- 
pendence of  the  photodissociation.  In  this  work  the 
transition  matrix  element  which  is  needed  to  calculate 
the  absolute  value  of  the  cross  section  was  also  deter- 
mined. This  yielded1*  a cross  section  about  three 
times  smaller  than  was  experimentally  observed. 

The  photodissociation  of  ArJ  has  also  been  observed 
by  Vestal  and  Mauclaire, 11  and  by  Carrington,  Milver- 
ton, and  Sarre, 11  but  netther  of  these  obeervatlons  were 
sufficiently  detailed  to  allow  conclusions  to  be  drawn 
concerning  the  Ar*  potentials. 

We  report  here  the  measurement  and  Interpretation 
of  photofragment  energy  spectra  tor  Reaction  (1),  for 
dissociation  via  both  tbs  *11,  and  'ij  potentials,  at  14 
wavelengths  between  4979  and  7993  A.  There  are  a 
number  of  motivations  tor  this  study.  It  was  clear  from 
our  previous  work11  that  the  existing  ArJ  potentials  are 
Inadequate  to  quantitatively  predict  Important  features 
of  the  molecule,  such  as  its  photodissociation  (and  ab- 
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sorption)  eroaa  faction.  A*  has  bam  pointed  oat,  * 
spin-orbit  effects  ara  also  Ukaly  to  ba  Important  in  thte 
mo  Locate.  It  U therefore  useful  both  to  datarmina  more 
accurate  Ar|  potentiate  tiaaad  on  spectroscopic  measure- 
aanta  and  to  provide  datalted  experimental  Information 
with  which  Improved  calcolatlona  can  ba  compared, 
particularly  with  reapect  to  the  off  acta  of  spin-orbit 
coopting. 

The  rare  gaaoa  ara  often  uaad  In  electron  beam  and 
high  energy  dlacharga  altuattona,  since  they  can  effi- 
ciently tranafar  the  electron  kinetic  energy  into  elec- 
tronic excitation.  The  recently  developed  rare  gas  ex- 
clmar  lasers,  the  oxygen  atom  laser,  and  rare  gas- 
halogen  lasers  all  depend  on  this  property  of  tha  rare 
gases.  However,  under  the  operating  conditions  of 
these  lasers  significant  quantities  of  the  rare  gas  dimer 
ions,  such  as  ArJ,  are  formed,  and  It  has  been  sug- 
gested14 that  these  ions  may  be  responsible  for  tha  gain- 
inhibiting  visible  and  uv  abeorption  observed  in  these 
lasers,  it  thus  Is  Important  to  this  application  to  know 
with  precision  tha  absolute  magnitnde  and  the  wavelength 
dependence  of  the  photodlssorlatlon  cross  section  of  ArJ. 


Ar  *Ar-ArJ  +e  (2) 

In  a hollow -cathode  discharge  source, u with  an  energy 
spread  of  less  than  0. 6 eV  full  width  at  half-maximum. 
Tha  ArJ,  along  with  a much  larger  current  of  Ar*  and 
some  Impurity  loos,  are  accelerated  to  typically  3 keV 
and  focussed  into  a 49*  aecto”  magnet.  Tbe  ArJ  loos 
of  Interest  are  selected  by  the  magnetic  analyzer,  col- 
limated to  2 mrad,  and  directed  Into  a transverse  quad- 
rupote  field1  T which  bends  tha  Ion  beam  through  M* 
without  disturbing  tha  high  degree  of  collimatlon. 

Tha  Iona  exit  from  this  first  quadrupote  into  the  laser 
Interaction  region.  Here  the  Intraeavtty  photons  from 
an  argon  ion  laser  or  a krypton  Ion  laser  can  be  made 
either  coaxial  with  the  Ion  beam  tor  a distance  of  33  cm, 
or  crossed  with  lb  Good  alignment  is  assured  for  the 
coaxial  beams  sines  both  the  Ions  and  tha  Intraeavtty 
photons  of  tha  laser  must  pass  through  3 mm  apertures 
at  each  end  of  the  Interaction  region.  Similar  apertures 
define  the  latereactioa  of  the  croseed  beams.  In  the 
coaxial  beams  configuration  the  laser  polarization  is 
necessarily  always  perpendicular  to  tha  Ion  beam  direc- 
tion. Ib  the  croseed  beams  configuration  tha  laser  po- 
Urination  can,  in  principle,  be  made  to  have  any  direc- 
tion with  reapect  to  tha  basin,  but  tor  the  work  reported 
here  It  was  always  parallel  to  tha  Ion  beam  direction. 

Following  the  laser  interaction  region  the  Ions  enter 
a second  quadrupote  bandar  whose  potentiate  are  ad- 
justed to  pass  the  Ar*  photofragments,  which  have  ap- 


II.  EXPERIMENTAL  PROCEDURES 

The  measurements  reported  here  were  made  on  a 
new  ton  photofragment  spectrometer  which  is  described 
in  detail  elsewhere.1'  A schematic  of  the  apparatus  is 
shown  in  Fig.  2.  The  ArJ  lone  are  formed  by  the  as- 
sociative ionisation  reaction 
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such  as  those  indicated  in  Fig.  1 will  appear  at  0*  in 
the  laboratory  with  an  energy  T given  by 


7S2SA 


where  7*,  is  the  parent  ion  energy  and  W is  the  total 
kinetic  energy  of  separation  in  the  center  of  mass  frame 
(see  Fig.  1).  In  fact,  when  one  Includes  the  finite  angu- 
lar resolution  of  the  apparatus  there  is  a small  shift1' 
of  the  peak  of  the  photofragment  energy  spectrum  to  low- 
er a value  of  W.  However,  due  to  the  high  angular  reso- 
lution of  this  apparatus  (2  mrad),  and  the  relatively 
large  center  of  mass  photofragment  energies  involved 
here  (250  to  1500  meV),  this  shift  is  within  the  uncer- 
tainty of  the  laboratory  photofragment  energy  measure- 
ment, and  is  neglected.  Equation  (3)  is  thus  used  to 
convert  the  laboratory  energy  scale  to  separation  ener- 
gy W.  Such  a W scale  is  shown  at  the  top  of  Fig.  3. 

It  is  important  to  note  the  amplification  of  center  of 
mass  energies  when  measured  in  the  laboratory  frame, 
For  example,  a kinetic  energy  release  of  300  meV  in  the 
center  of  mass  appears  as  30  eV  when  measured  in  the 
laboratory  frame.  Our  resolution  of  1 eV  in  the  labora- 
tory frame  corresponds  to  an  uncertainty  of  e 10  meV 
in  this  300  meV  peak.  In  practice,  it  is  not  difficult  to 
locate  peaks  repeatedly  to  within  * 5 meV,  and  an  un- 
certainty of  a 10  meV  is  believed  to  be  conservative  for 
the  location  of  peaks  with  center  of  mass  energies  less 
than  500  meV.  This  uncertainty  increases  slowly  with 
increasing  center  of  mass  energy,  reaching  ±20  meV 
for  a 1400  meV  peak. 

By  comparison  of  the  eoergles  of  the  peaks  with  the 
potentials  of  Fig.  1 it  is  possible  to  determine  to  which 
transitions  the  peaks  correspond,  assuming  these  poten- 
tials are  approximately  correct.  The  vertical  arrows 
in  Fig.  1 are  drawn  to  correspond  to  a wavelength  of 
7525  A,  and  it  is  assumed  that  the  transition  to  the  *S; 
state  leads  to  dissociation  with  respect  to  the  A r’(*Pl/t) 

♦ Ar  limit  since  this  state  correlates  asymptotically  with 
this  limit  and  does  not  cross  any  states  originating  from 
the  Ar't'Pj/,)  - Ar  limit.  Transitions  to  the  *11.  state 
are  not  expected,  since  they  are  dipole  forbidden.  We 
thus  make  a tentative  Identification  of  the  transitions  re- 
sulting in  the  peaks  shown  in  Fig.  3,  as  Indicated  on  the 
figure. 

We  note  that  individual  vibrational  levels  do  not  ap- 
pear to  be  resolved  here,  as  they  have  been  for  Hi  lfcl* 
and  0{. M This  is  not  surprising  since  tbs  vibrational 
spacing  for  Ar|  is  expected  to  be  only  about  30  meV, 
and  the  rotational  spread  at  our  ion  source  tempera- 
ture of  near  400* K has  a half-width  of  about  50  meV. 
When  this  rotational  spread  Is  combined  with  the  finite 
energy  resolution  of  the  apparatus  It  will  clearly  be  dif- 
ficult to  resolve  ths  individual  vibrational  levels  in  Ar;. 

It  it  Is  possible  to  show  that  a aeries  of  peaks  at  dif- 
ferent wavelengths  correspond  to  transitions  arising 
from  the  same  vibrational  level,  a relative  photodis- 
sociation cross  section  for  this  vibrational  level  can  be 
obtained  simply  by  appropriately  normalising  the  ob- 
served photofragment  current  for  photon  flux,  parent 
ion  beam  Intensity,  and  angular  and  energy  resolution. 
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FIG.  3.  Experimental  pbotofregmeat  energy  (pectnun  for 
Ar}**v— Ar’*Ar  at  7523  A,  obtained  with  coaxial  beams. 


proximately  half  the  Ar;  beam  energy  of  3000  eV.  After 
this  quadrupole  the  Ar’  ions  pass  through  a second  set 
of  apertures,  which  yield  an  angular  resolution  in  the 
lab  system  of  2 mrad  for  the  photofragments.  The  ions 
are  then  decelerated  by  approximately  1200  eV  and  enter 
a hemispherical  energy  analyser  set  to  pass  ions  of  a 
fixed  energy  near  300  eV.  The  resolution  A E/E  of  the 
energy  analyser  Is  3 x 10**  with  respect  to  the  energy 
with  which  the  loos  traverse  the  analyser.  For  typuml 
conditions  used  here  changes  In  the  laboratory  energy 
of  1 eV  could  be  easily  resolved.  This  corresponds  to 
a resolution  of  7x  10*4  with  respect  to  the  nominal  1500 
eV  photofragment  energy,  ions  which  are  passed  by  ths 
energy  analyser  are  detected  individually  by  a continu- 
ous-dynode  electron  multiplier  and  the  resulting  counts 
directed  into  a multichannel  analyser. 

Typical  photofragment  energies  in  the  laboratory 
frame  in  these  experiments  were  1500±  70  eV.  In  or- 
der to  obtain  a spectrum  of  photofragment  energies  the 
deceleration  voltage  is  stepped  proportionately  with  the 
channel  advance  of  the  multichannel  analyser,  while  the 
voltage  on  the  hemispherical  analyser  remains  fixed. 
Since  the  quadruples  are  also  energy  analyzers,  the 
potentials  on  the  second  quadrupole  are  also  stepped  in 
proportion  to  the  change  in  the  deceleration  voltage,  so 
that  this  quadrupole  is  always  sec  to  optimally  transmit 
pbotofragment  ions  of  the  energy  being  passed  by  the 
energy  analyzer. 

A typical  spectrum  obtained  in  this  way  at  7525  A is 
shown  in  Fig.  3.  The  spectrum  is  symmetric  since 
photofragments  elected  with  kinetic  energy  either  for- 
ward or  backward  along  the  beam  direction  are  detected 
with  nearly  equal  efficiency.  The  center  of  the  spectrum 
is  at  1500  eV,  as  expected  for  ths  photodissociation  of 
a ho  mo  nuclear  diatomic  of  energy  3000  eV.  As  has 
been  discussed  in  detail  by  Dump  and  co -workers, l* 
and  by  van  Asselt,  Maas,  and  Los1*  for  a ho  mo  nuclear 
diatomic,  a pbotofragment  from  a dissociative  transition 
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110.  4.  Expartnwnl  and  oalmiUtad  photoiragmnnt  energy 
•peetra.  Tha  calculated  apaetra  ara  diacuaaad  in  Sao.  IV  and 
Include  rotations!  broadening,  but  do  ant  includa  broadening 
daa  to  tha  loa  baam  energy  ipraad  and  tba  Onlta  aoar gy  aad  aa- 
|oUr  raaotutloa  of  tha  apparatoa.  Tha  oumbnrs  talar  to  tha 
Mruetaiw  In  tha  enlonlatad  apaetra,  and  ooiraapaad  to  the  vl~ 
b rational  levels  of  too  (round  atata. 


It  should  ba  oo tad  that  tha  staled  wavelengths  ara  tha 
wavelengths  la  air.  No  correction  was  made  for  tha 
fact  that  la  tha  vacuum  tha  wavelength  la  slightly  dlf- 
fereat  alaca  this  difference  (la  energy)  Is  atora  thaa  aa 
order  at  magnitude  smaller  thaa  tha  uncertainty  of  a 10 
taaV  la  tha  canter  of  maaa  kinetic  energy  measure- 
ments. Additionally,  in  tha  intracavtty  coaxial  beams 
measurements  tha  3 keV  Arj  actually  interacts  with  two 
ware  lengths  Doppler  shifted  by  about  a 2-3  A from  tha 
laboratory  wavelength.  Tha  uncertainty  introduced  by 
this  is  also  much  smaller  thaa  tha  uncertainty  la  tha 
kinetic  energy  measurements,  aad  la  neglected. 

III.  EXPCRIMCNTAL  RESULTS 

Photofragment  energy  spectra  such  as  ths  oat  Il- 
lustrated la  Fig.  3 were  obtained  at  14  wavelengths  be- 
tween 4S79  aad  7M3  A.  At  swat  of  tbeae  wavelengths 
spectra  were  obtained  both  la  the  coaxial  beams  con- 
figuration with  the  laser  polarisation  perpendicular  to 
ths  loa  beam  direction  sad  la  the  crossed  beams  con- 
figuration with  ths  laser  polarisation  parallel  to  the  ion 


beam  direction.  Three  such  spectra  are  illustrated  in 
Fig.  4.  These  spectra  show  only  one  half  of  the  energy 
distribution,  that  part  which  corresponds  to  pbotofrag- 
ments  ejected  forward  along  the  beam  direction,  and 
they  have  been  replotted  on  an  energy  scale  which  is 
linear  la  the  center  of  mass  systsm.  The  narrower, 
more  structured  peaks  In  the  figure  result  from  a cal- 
culation to  be  discussed  later. 

Comparison  of  ths  crossed  and  coaxial  beam  data  at 
6471  A shows  that  tha  hlghsst  energy  peak  la  favored 
tor  ths  parallel  laser  polarization  (crossed  beams), 
while  the  other  peak  appears  to  be  relatively  favored  for 
the  perpendicular  laser  polarization  (coaxial  beams). 
This  is  consistent  with  ths  identification  In  Fig.  3 of  the 
second  peak  with  the  'r,  transition,  since  the  angu- 
lar distribution  of  photofragments  from  this  transition 
should  be  s maximum  along  the  direction  of  the  laser 
polarization.  l*~n  A similar  argument  supports  the 
identification  of  the  first  peak  with  the  *nf  -*£;  transi- 
tion. 

Table  I summarises  the  results  of  measurements  on 
tha  first  peak  at  four  wavelengths.  The  first  striking 
feature  la  that  the  values  of  the  photon  energy  kv  minus 
the  separation  energy  W are  equal  to  within  the  ± 10 
meV  uncertainty  in  the  determination  of  the  peak  loca- 
tion. This  means  that  all  of  these  photodlasociatione 
originate  la  the  same  ground  state  vibrational  level. 

The  wtde  wavelength  range  over  which  this  single  level 
is  dominant  argues  strongly  for  Its  Identification  as 
v-0.  Relative  cross  section  measurements  determined 
from  tha  peek  Intensities  Indicate  a stogie  maximum, 
as  would  be  expected  from  » »0.  The  location  of  thin 
maximum  la  between  6784  aad  7529  A,  probably  7200 
1 200  A,  consistent  with  the  recent  calculations  of 
Stevens  at  at. ia  The  ratio  of  the  cross  section  at  6784 
to  that  at  6471  A is  la  excellent  agreement  with  our  mea- 
surements11 of  the  absolute  values  of  the  photodlssocla- 
tloa  cross  section  for  Ar{  lone  tn  a thermal  vibrational 
distribution  at  300“ K (l. e. , primarily  In  t»«0).  We  thus 
Idsntlfy  these  transit)  is  as  *nr — - 0). 

Tha  average  value  of  1.31  eV  for  (*y-  W)  la  then 
nearly  equal  to  the  dissociation  energy  with  respect  to 
the  first  vtbratioaal  level  f^(Ar{).  It  must  only  be  cor- 
rected by  the  average  rotational  energy  of  the  loos.  At 
the  assumed  source  temperature  of  400  *K  this  Is  17 
meV.  Thus,  we  determine  4,  (Arg)*  1.33  * 0.02  eV.  The 
uncertainty  in  the  source  temperature  of  * 50  ’C  contrtb- 


TABLC  l.  Summary  at  results  tor  the  transition  Jnr 
— :EJ.  AU  emerimental  results  are  (or  ooexul  boamo. 
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0.535 
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•471 
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0. 407 
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7 ms  nuclear  distance  oorreepoodtag  to  the  transition 
determined  on  lag  the  potential  dleeueend  tn  Sno.  (V. 
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TABU  g.  Summary  of  results  for  the  trinsltloa  *£;— *2^. 
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3.08 

12—14 

8471 

0.828 

0.170 

1.088 

0.848 

2.99 
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MSS 

1.00 

1.00 

1.18 

1.020 

2.91 

9-10 

3309 

1.12 

1.17 

1.22 
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2.97 

7-9 

3148 
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1.24 
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2.  88 
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4SSS 

1.22 

1.24 

1.28 

1.220 

2.82 
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4880 

4825 

1.28 

1.28 

1.33 

1.29 

1.280 

2.80 

5-7 

4788 

4783 

1.30 

1.38 

1.30 

1.318 

2.78 

8-4 

4880 

4879 

1.33 

1.38 

1.32 

1.340 

2.78 

4-4 

■Calculated  relative  ta  tha  oreessd-bssms  rasulta  only. 
*InumueUar  dltanca  corresponding  to  tbs  traaauioa  datar- 
oilaad  uaiof  tha  potential  duenaaad  la  Sac.  rv. 


utea  only  S maV  to  the  uncertainty  in  D,.  This  value  for 
Do  la  in  good  agreamant  with  tha  valuta  obtained  by 
Lo rente,  Olson,  and  Conklin*  (1. 25  eV),  Mlttman  and 
Waiae*  (1. 34  aV),  Gilbert  and  Wahl*  (1. 29  aV),  am 
Steve na,  Gardner,  am  Karo10  (1. 20  eV),  when  it  la  con- 
aidered  that  the  aatUnatm  uncertainty  in  each  of  tbeae 
determlnationa  la  a 0. 1 a V. 

A bom  energy  of  1. 33  a 0. 02  a V la,  however,  In  alight 
dlaagreement  with  the  recently  reported  value*  of  1. 23 
a 0. 02  aV  of  Ng,  Trevor,  Mahan,  am  Lae,  obtained 
from  tha  photo  Ionization  spectrum  of  Ar,.  The  value  of 
Ng  tt  el.  waa  determined  from  the  obaerved  onaet  of 
photoiontzatlon  at  852. 7 A.  The  threehold  In  thia  region 
la  not  at  all  sharp  (see  Fig.  2 of  Ref.  22),  am  tha 
photoiontzatlon  croaa  section  la  very  small  due  to  un- 
favorable Franck -Condon  factors.  Our  determination 
of  the  bom  energy,  which  does  not  depend  on  the  observa- 
tion of  a weak  photo  ionization  signal  near  threehold.  Im- 
plies that  the  true  Ionization  potential  of  Art  la  858.6  A. 
We  do  not  believe  a significant  systematic  error  la 
present  In  our  azperlments,  due  to  the  agreement  we 
have  obtained  on  our  spectrometer  with  earlier  work  In 
another  laboratory*  on  O*.  am  to  the  fact  that  the  bom 
energy  we  determine  for  KrJ  of  1. 14e  0. 03  eVa  la  In 
excellent  agreement  with  the  1. 15  a 0. 02  eV  determined 
by  Ng  •<  al.  For  KrJ  the  Franck-Condon  factors  are 
more  favorable,  am  the  photoiontzatlon  threshold  la 
well-defined  (see  Fig.  2 of  Ref.  22). 

Note  from  the  two  coaxial  beams  spectra  in  Fig.  4 
that  the  two  peaks  are  coming  closer  together  at  shorter 
wavelength,  am  tha  £ - £ peak  is  becoming  relatively 
more  Intense.  Qualitatively,  this  movement  of  the 
peaks  la  to  be  expected  from  the  potential  curves.  As- 
suming a one-to-one  correspondence  between  Interim- 
clear  separation  am  wavelength,  as  we  go  from  7525  k 
toward  shorter  wavelength,  the  two  S corvee  are  chang- 
ing in  opposite  directions,  thus  retarding  the  Increase 
of  (F  with  hv.  Therefore,  the  two  peaks  would  be  ex- 
pected to  merge,  am  then  at  some  shorter  wavelength 
the  peak  corresponding  to  the  n - £ traneUloa  should 
appear  at  higher  photon  energy  than  that  corresponding 


to  the  2-2.  In  fact,  at  the  next  available  wavelength 
5682  k only  one  peak  Is  visible,  corresponding  to  the 
£— £ transition,  although  there  ts  a shoulder  on  the 
low  energy  side  corresponding  to  the  II  - £.  Over  the 
remainder  of  the  wavelength  range  studied  no  clear 
features  emerged  which  could  be  definitely  assigned  to 
the  n-E  transition. 

Table  n shows  a summary  of  results  for  the  I — Z 
transition.  Since  this  is  a parallel  transition,  results 
from  the  cro seed-beams  configuration  are  the  most  de- 
finitive for  determining  the  potentials,  am  only  these 
results  are  used  to  calculate  (kv-  W,a).  The  Z — Z peaks 
are  substantially  broader  than  the  II  - £ peaks,  Indicat- 
ing that  a number  of  vibrational  levels  are  participating 
In  the  photodissociation.  These  Individual  vibrational 
levels  are  not  resolved  since  the  rotational  broadening 
of  Individual  levels  is  approximately  equal  to  the  vibra- 
tional spacings,  am  to  the  effective  resolution  of  the 
apparatus. 

It  is  qualitatively  apparent  that  these  levels  are  quite 
high,  probably  v>  10  for  the  6471  am  7525  k transitions 
illustrated  In  Fig.  4.  This  will  be  better  quantified  by 
calculations  to  be  discussed  later.  The  fact  that  at 
6471  k with  coaxial  beams  the  £ - Z peak  la  as  Intense 
as  the  II  - Z Indicates  that  the  £ - Z transition  is  much 
stronger  than  the  II  - 2.  Under  these  conditions  every- 
thing else  seems  to  favor  the  IT- S— It  originates  at 
t»»0,  am  the  polarization  Is  correct  for  ma«4wmm  col- 
lection of  tons  from  such  a perpendicular  transition, 
while  strongly  discriminating  against  parallel  transi- 
tions such  as  the  £ - £.  This  observation  Is  consistent 
with  the  calculations  of  Stevens  tt  al. , 10  which  predicts 
that  the  Z - Z pbotodlssoclation  cross  section  should  be 
about  three  orders  of  magnitude  larger  then  that  tor  the 

n-r. 

It  Is  In  fact  surprising  that  the  II  - Z transition  Is 
visible  at  all  In  the  crossed  beams  spectra  at  6471  A. 

It  is  easy  to  calculate,  *4  assuming  no  rotation  before 
dissociation  am  pure  parallel  am  perpendicular  transi- 
tions for  the  Z - Z am  H-S,  respectively,  that  the 
detection  efficiency  In  our  apparatus  In  coaxial  beams 
Is  200  times  better  for  the  II  - Z than  for  the  Z - 1, 
while  almost  exactly  the  opposite  Is  true  In  crossed 
beams.  Thus,  since  the  two  peak  heights  are  equal  at 
6471  A In  coaxial  beams,  where  the  II  - £ Is  favored, 
tha  relative  peak  heights  In  crossed  beams  should  dif- 
fer by  a factor  of  (200) x (200)  >4x10*  In  favor  of  the 
Z — Z transition.  In  fact,  the  observed  difference  Is 
only  a factor  of  61  Inclusion  of  rotation*4  cannot  reduce 
this  by  more  than  a factor  of  4,  am  may  be  negligible 
since  tha  dissociations  are  occurring  via  a purely  re- 
pulsive curve  at  separation  energies  substantially  larg- 
er than  the  rotation  energies  Involved.  The  effect  of 
spin-orbit  coupling  is  in  the  right  direction— It  will  give 
some  parallel  (£-£)  character  to  the  perpendicular 
(II  - £)  transition,  am  vice  versa.  We  will  return  to 
this  observation  in  the  following  sections. 

It  Is  noted  that  the  £-  £ peaks  obtained  with  coaxial 
beams  consistently  peak  at  slightly  higher  W values 
(typically  30  me V— see  Table  0),  am  the  peaks  are 
significantly  broader  than  the  peaks  obtained  with 
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croaaad  baama.  Thaaa  affects  are  not  understood,  but 
are  probably  associated  with  tbs  rotation  of  the  note- 
cule  during  dissociation,  similar  affects  ware  ob- 
served1* for  HI,  where  the  transition  is  purely  parallel. 
In  any  ease,  for  a parallel  transition  the  data  obtained 
with  croaaad  beams  and  the  Laaer  polarisation  parallel 
to  the  beam  direction  should  be  used  for  the  determina- 
tion of  potential  curvea. 

IV.  ANALYSIS 

Two  different  types  of  experimental  information  have 
been  determined  in  this  work:  separation  energy  ( W) 
spectra  as  a function  of  wavelength  and  the  relative 
ptotodissociation  cross  section  as  a function  of  photon 
wavelength.  Potential  curves  for  the  states  participat- 
ing in  the  photoabsorption  process  in  this  experiment 
‘n,,  and  *S;  were  determined  by  ad|uetlog  the  po- 
tentials until  the  W spectra  and  cross  sections  calcu- 
lated from  them  matched  the  experimental  results.  The 
analysis  in  this  section  will  Ignore  the  affects  of  spin- 
orbit  coupling,  which  la  discussed  in  the  following  sec- 
tion. 

For  a bound-free  transition  the  absorption  cross  sec- 
tion as  a function  of  photon  frequency  v is  given  by1*** 

,4) 

where  avj  denotes  the  vibration-rotation  quantum  num- 
bers of  the  Initial  bound  electronic  state  a , and  W'« 
denotes  the  rotation  quantum  number  and  continuum 
energy  of  the  final  electronic  state  b.  The  quantity  lE 
is  the  energy  difference  between  the  initial  and  final 
states,  4 is  the  electronic  transition  moment,  g,  and  gt 
are  the  electronic  degeneracies  of  the  initial  and  final 
states,  respectively,  and  .v^  is  the  fraction  of  the  total 
number  of  state  a molecules  .V*  in  the  vj  level.  The 
absorption  coefficient  (customarily  expressed  in  cm*1) 
ts  denoted  by  k*.  S„.  is  the  Hflnl- London  factor.  As- 
suming a Boltzmann  distribution  of  Initial  levels 


•VV  - 9*‘(  2/  * l)  exp<-  B^/kT), 

(5) 

iw+i)«P(-^/*n, 

(6) 

where  E„  ts  the  binding  energy  of  the  vj  leveL  Using 
the  sum  rule  for  the  Ho nl- London  factors  Zi-S,r  *2J  + l 
and  the  assumption  that  the  matrix  element  (avj  \ 4 i bXt) 
is  largely  independent  of  J\  Bq.  (4)  may  be  written 

x ’(etVlnih/Ol1**  . (7) 

A w 

To  each  Initial  stats  iV  and  photon  frequency  v there 
corresponds  a unique  value  of  separation  energy  IT, 
which  is  equivalent  to  < in  Bqs.  (4)  and  (7).  The  ab- 
sorption cross  section  for  photodiasoclation  with  en- 


ergy IF  by  a photon  of  wavelength  x « cv*1  is  given  by 


where  vke  W. 

The  calculations  evaluating  Eqs.  (7)  and  (8)  used  the 
computer  program  of  K.  Sando. 

Since  the  calculation  of  Stevens  at  al. 10  provides  the 
most  detailed  information  for  Arj,  we  have  used  it  as  a 
basis  (or  construction  of  potentials  which  are  consistent 
with  our  experimental  results.  We  first  modified  the 
bound  state  ‘r,  potential  curve  by  translating  it  down- 
ward by  0. 141  eV  to  bring  the  dissociation  energy  into 
agreement  with  the  U«  value  of  1. 33  eV  determined  from 
the  data.  The  potential  was  made  to  correlate  to  the 
appropriate  Ar*  (*Pi/t)+Ar  limit  by  exponentially  de- 
creasing the  size  of  the  translation  with  internuclear 
separation  R,  for  R>  3. 7 A.  This  has  no  effect  on  the 
transitions  observed  in  these  experiments. 

Using  this  *i;  potential  curve  the  * n,  potential  curve 
given  by  Stevens  ef  al.  was  then  translated  until  the 
peak  in  W of  the  calculated  cross  section  ax(W)  agreed 
with  experiment  for  the  four  wavelengths  reported  In 
Table  L Only  coaxial  beams  data,  where  the  perpen- 
dicular laser  polarization  is  appropriate  for  this  *nf 
-*r;  transition,  were  considered.  The  transition  mo- 
ment u calculated  by  Stevene  at  al.  was  used  la  Eq.  (8). 
For  this  n — S transition  the  appropriate  operator  for 
4 is  (*♦  iy)/ v7,  the  II  state  degeneracy  f,  is  2,  and  g. 
is  1.  The  relative  photodissociation  cross  section  as 
a function  of  wavelength,  discussed  above,  Indicates 
the  peak  of  the  croee  section  llee  between  8784  and 
7329  A.  Assuming  the  peak  is  at  7200  A and  that  it 
corresponds  to  the  center  of  the  Franck -Condon  re- 
gion for  »»0  gives  an  Initial  estimate  for  the  appro- 
priate translation.  Agreement  with  the  peaks  in  W was 
found  by  lowering  the  *0,  potential  curve  by  0. 178  eV. 
The  potential  was  made  to  correlate  to  the  Ar*(*P]/t) 

* Ar  limit  in  the  same  manner  as  for  the  ‘i;  state.  Nu- 
merical value  a for  the  *SJ  and  *n,  potential  curves  are 
given  in  Table  UL  As  shown  in  Table  L the  large et  dis- 
crepancy between  the  obeerved  and  calculated  peaks  in 
W la  7 meV.  Also  given  in  Table  I is  the  internuclear 
distance  R corresponding  to  the  (*nr-*S;)  potential  dif- 
ference tor  the  obeerved  transition.  From  this  quantity 
it  is  clear  that  the  *nr  potential  curve  has  been  deter- 
mined between  2. 38  and  2. 51  A. 

The  theoretical  w spectra  for  the  IT  - Z transition  at 
8471  and  7329  A are  also  shown  in  Fig.  4,  where  the 
croee  section  is  expressed  in  relative  units.  The  cross 
section  displayed  is  the  sum  of  that  due  to  abeorption 
out  of  individual  vibrational  levels.  The  t?  spectrum 
correeponding  to  abeorption  by  all  the  rotational  levels 
of  a given  vibrational  level  showe  a single  peak  reflect- 
ing mainly  the  assumed  Boltzmann  distribution  of  rota- 
tional levels.  (See  Fig.  8 for  a more  detailed  representa- 
tion of  the  transition  at  8471  A,  discussed  be- 

low. ) For  the  four  wavelengths  studied  In  the  coaxial 
beams  configuration  only  vibrational  levels  0,  1,  and  2 
were  found  to  contribute  to  the  II  - I transition.  Ne- 
glecting the  variation  of  the  transition  moment  with  R 
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TABLE  IS.  Art  potential  curves  used  In  this  work. 


R lA) 

!i;  (eV) 

Jnr  leV) 

*r;  (ev) 

l asymptote) 

2.000 

0.4313 

3.3920 

3.3636 

2.100 

-0.3935 

2.5181 

6. 8974 

2.200 

- 1.  0332 

1.6671 

3.4602 

2.300 

-1.2333 

1.0088 

4.2638 

2.400 

-1.3328 

0.5796 

3.3716 

2.300 

- 1. 3368 

0.2807 

2.6661 

2.600 

-1.2386 

0. 0798 

2.1138 

2.700 

-1.2119 

-0.0313 

1.6810 

2.800 

- 1. 1180 

-0.1336 

1. 3391 

2.900 

-1.0172 

-0.1872 

1. 1319 

3.000 

-0.9186 

-0.2191 

0.  9439 

3. 100 

-0.3232 

-0.2370 

0.  7893 

3.200 

-0. 7378 

-0.2441 

0.6644 

3.300 

-0.6373 

-0.2437 

0. 5635 

3.400 

-0.5843 

- 0. 2392 

0.4811 

3.300 

-0.5203 

-0.2337 

0.4113 

3.600 

-0.4648 

-0.2286 

0.3526 

3.700 

-0.4177 

-0.2239 

0.3066 

3.800 

-0.3396 

-0.2071 

0. 2875 

3.900 

-0.3104 

-0.1911 

0.2779 

4.000 

-0.2696 

-0. 1762 

0.2741 

4.100 

-0.2339 

-0. 1624 

0.2731 

4.200 

-0.2078 

- 0. 1496 

0.2716 

4.300 

-0.1841 

-0.1373 

0. 2665 

4.400 

-0.1640 

- 0. 1270 

0.2373 

4.300 

-0. 1467 

-0.1189 

0.2461 

4.600 

-0.1318 

-0.1076 

0.2336 

4.700 

-0. 1180 

-0.0991 

0.2213 

4.800 

-0.1033 

-0.0913 

0.21U 

4.900 

-0. 0937 

-0.0841 

0.2030 

3.000 

-0.0824 

-0. 0775 

0.1970 

3.100 

-0.0719 

- 0. 0714 

0.1927 

3.200 

-0.0620 

-0.0638 

0.1896 

3.300 

-0.0329 

-0.0608 

0.1875 

3.400 

-0.0446 

-0.0361 

0.1838 

3. 300 

-0.0371 

-0.0319 

0.1846 

3.600 

-0.0308 

-0.3460 

0.1836 

5.700 

-0. 0248 

-0.0448 

0.1828 

3.800 

-0.0202 

-0.0412 

0. 1821 

5.900 

-0.0166 

-0.0363 

0. 1814 

8.000 

-0.0139 

-0.0336 

0. 1806 

the  relative  contribution*  depend  on  the  Franck-Condon 
overlap  and  the  aeeumed  Boltzmann  distribution.  At 
6471  A absorption  out  of  v * l has  a strong  influence  on 
the  W spectrum,  while  at  7323  A there  is  no  contribu- 
tion from  i/al.  The  theoretical  value  entered  in  Table 
I for  8471  A is  the  peak  for  v*0  since  the  experimental 
evidence  indicates  that  the  observed  peaks  in  W corre- 
spond to  the  same  vibrational  level  for  all  four  wave- 
lengths in  Table  L Since  the  Franck-Condon  factor  de- 
pends sensitively  on  the  shape  of  the  bound  state  poten- 
tial curve,  a slight  alteration  would  most  likely  be  suf- 
ficient to  reduce  the  calculated  influence  of  absorption 
from  p>i.  The  difference  in  width  between  the  theo- 
retical and  experimental  photofragment  spectra  gives  an 
indication  of  the  experimental  broadening.  Note  that  the 
n -Z  peak  at  6471  A is  significantly  broader  than  at 
7323  A,  indicating  that  the  contribution  of  p ■ 1 is  Im- 
portant at  6471  A,  although  apparently  not  important 
enough  to  shift  the  peak  location  significantly. 
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The  and  tl,  potential  curves  which  have  been  ad- 
justed to  give  agreement  with  the  coaxial  beams  photo- 
fragment data  should  also  predict  the  photoabsorption 
cross  section  as  a function  of  wavelength  in  agreement 
with  experiment.  In  Fig.  3 the  cross  section  from  Eq. 
(7)  calculated  using  our  adjusted  potentials  and  the 
transition  moment  of  Stevens  et  al.  multiplied  by  1. 7 
(see  below)  is  compared  with  the  relative  cross  sections 
of  Table  I and  the  absolute  cross  section  measurements 
of  Miller  et  al. 11  With  the  exception  of  the  single  point 
at  7523  A the  relative  agreement  is  good.  It  is  not 
known  whether  this  point  is  in  error  experimentally; 
however,  efforts  are  currently  under  way  to  measure 
the  absolute  cross  section  between  7000  and  8000  A 
using  the  techniques  of  Miller  et  al.  It  was  necessary 
to  multiply  the  transition  moment  of  Stevens  et  al.  by 
1. 7 in  order  to  bring  the  calculated  cross  section  into 
absolute  agreement  with  the  measurements  of  Miller 
et  al.  However,  it  will  be  shown  later  that  inclusion  of 
spin-orbit  effects  substantially  increases  the  magnitude 
of  the  calculated  cross  section. 

The  potential  may  be  deduced  from  the  data  sum- 
marized in  Table  n.  As  stated  before,  for  this  parallel 
transition  the  crossed-beams  data  is  the  most  definitive. 
As  for  the  (I  case,  taking  the  adjusted  *s;  potential  curve 
as  given,  the  upper  state  potential  curve  was  modified 
until  the  W peaks  were  in  agreement  with  experiment. 

An  initial  approximation  for  the  potential  can  be  con- 
structed by  assuming  the  transition  takes  place  at  the 
classical  outer  turning  point  Then  at  each  wavelength, 
from  the  given  *S;  curve,  the  binding  energy  (kv-  ffj 
determines  the  internuclear  distance  R at  which  the 
transition  occurs  and  gives  the  final  state  potential 
at  that  R value.  Although  spin-orbit  effects  have  been 
neglected  so  far,  we  are  assuming  here  that  the  *S; 
curve  dissociates  to  the  correct  limit  Ar‘(*Pl/t)+Ae. 
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FIG.  3.  Pbotodlssoctatloo  cross  ssetton  for  Arfl'lJ,  r«0) 

— Ar{(,np-*Ar’*Ar.  The  dots  are  the  ibsoluts  cross  ssetton 
ms asurs moots  of  Rsf.  11.  tbs  squares  ars  tbs  relative  cross 
ssetton  msssurs moots  of  tbla  work,  and  tbs  solid  curve  is  cal- 
culated from  tbs  potential  curves  determined  bare  and  tbs  tran- 
sition moment  of  Rsf.  10  multiplied  by  l.  7 (see  test). 
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PHOTOOISSOCIATION  ENERGY  <«V) 


FIG.  S.  Calculated  photofragmeat  vnerjy  apeetrum  showing 
the  vibrational  levels  involved  in  this  2 — 2 transition,  and  the 
effect  at  rotational  broadening  on  tha  spectrum.  Experimental 
broadaninc  effects  are  not  Included.  Tha  dashed  portion  la  an 
extrapolation  a Inca  the  calculation  extended  only  to  tha  79th  ro- 
tational level. 


In  order  to  bring  tha  W peaks  Into  agreement  It  was 
necessary  to  lower  this  initial  potential  by  about  80  meV. 

Tha  modified  *Z't  potential  curve  is  listed  in  Table  m 
and  may  be  expressed  in  terms  of  the  *S;  curve  of 
Stevens  tt  al. , 10  which  has  been  placed  at  the  lP\u 
asymptote,  0. 178  eV  above  the  *P,/,  asymptote,  and 
then  decreased  by  a varying  amount  which  equals  0. 244 
eV  at  2. 76  A and  0. 124  eV  at  3. 11  A.  The  calculated 
peaks  in  photofragment  energy  for  12  wavelengths  are 
listed  in  Table  Q,  where  the  maximum  discrepancy  with 
experiment  is  seen  to  be  17  meV.  The  photofragment 
spectra  were  calculated  from  Sq.  (8)  uelng  the  adjusted 
potentials  and  the  transition  moment  of  Stevens  tt  al. 

In  this  case  gt  *g, « 1.  Many  initial  vibrational  levels 
contributed  at  each  wavelength.  The  theoretical  peak 
entered  in  Table  n is  the  peak  in  the  sum  over  the  initial 
vibrational  levels.  Also  entered  in  Table  H are  the  vi- 
brational levels  nearest  the  peak  in  photofragment  en- 
ergy for  each  wavelength.  Such  spectra  at  6471  and 
7329  A are  also  shown  in  Fig.  4,  where  the  features 
have  been  labeled  according  to  the  initial  vibrational 
level.  The  contributions  of  Individual  vibrational  levels 
can  be  seen  in  greater  detail  in  Fig.  8 for  the  transi- 
tion at  6471  A.  From  this  figure  it  may  be  clearly  seen 
that  the  location  of  the  composite  peak  in  W depends 
sensitively  on  the  relative  importance  of  different  initial 
vibrational  levels  and  that  the  rotational  spread  will 
make  it  very  difficult  to  separate  vibrational  levels  in 
this  molecule. 

Figure  7 shows  the  calculated  photodlssoclatlon  cross 
section  for  the  £ - £ transition  using  our  adjusted  po- 
tentials and  the  transition  moment  of  Steve ne  tt  al.  It 
should  be  stressed  that  we  obtained  no  experimental  In- 
formation for  the  region  of  the  *£;  potential  which  con- 
tributes to  thin  cross  section.  The  shortest  wavelength 
used  was  4879  A.  However,  tbs  extrapolation  of  our  po- 
tential curve  to  shorter  wavelengths  should  provide  a 
better  approximation  to  reality  than  the  previously  exist- 
ing *EJ  potentials. 


V.  SPIN-ORBIT  EFFECTS 

The  analysis  in  the  previous  section  Ignored  the 
existence  of  spin-orbit  coupling  except  for  taking  the 
correct  Ar*  (tPl/ ,)  states  as  the  dissociation  limit  for 
the  state.  There  are,  however,  two  points  that  can- 
not be  understood  without  an  analysis  of  spin-orbit  ef- 
fects. The  first  is  the  observation  of  the  II  - £ transi- 
tion In  crossed  beam  where  the  laser  polarization  is  not 
appropriate  for  a perpendicular  transition.  In  the  pre- 
vious section  the  shape  of  the  relative  photodissociation 
cross  section  as  a function  of  wavelength  was  found  to 
be  in  reasonable  agreement  with  experiment,  but  its 
magnitude  cannot  be  reliably  determined  without  con- 
sidering spin-orbit  effects. 

Our  spin-orbit  analysis  is  based  on  the  discussion  of 
Cohen  and  Schneider**  for  the  analogous  system  NeJ, 
which  follows  the  treatment  of  Condon  and  Shortly. w 
Treating  the  spin-orbit  coupling  as  a perturbation  the 
energies  of  the  spin-orbit  states  for  the  angular  momen- 
tum projection  fl  »-J  are  given  by  the  eigenvalues  of  the 
matrix 

(«•"’-*  *•).  (« 

' >/! a £(* Z)  • 

where  a is  4 of  the  Ar*(*Pj/i  -*P,/j)  splitting ■ -0. 059 
eV,  the  sign  being  negative  for  this  case,  where  the 
*Pj/i  Is  lower  in  energy  than  the  *Pt/1.  The  quantity 
£(*n)  ts  the  energy  of  the  *11,  or  *11,  state.  The  matrix 
is  diagonalized  separately  for  g and  u states  at  each  val- 
ue of  ft  For  G » j states  the  energy  considering  sptn- 
orbit  is  given  by  £(*TI)  + a. 

The  structure  of  the  states,  including  spin-orbit  cou- 
pling, is  indicated  In  Fig.  8,  where  they  are  labeled  by 
their  O quantum  number.  (Although  this  figure  is  drawn 
approximately  to  scale,  it  is  meant  to  be  schematic  on- 
ly. ) There  are  four  states  correlating  to  the  Ar*(*P,/j) 

♦ Ar  limit:  the  1(4),  which  is  similar  to  the  *£;  without 
spin-orbit  coupling,  the  1(|),  and  1(4),  which  are  simi- 
lar to  the  *n„  and  the  1(4),  which  is  similar  to  the  *11,. 
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FIG.  7.  Photodlaaociation  oroee  section  for  0)»>> 

— Arjt’ip  — Ar**Ar  calculated  from  the  potential  curves  de- 
termined here  and  the  transition  moment  at  Ref.  10. 
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tods  than  any  other  and  may  bo  neglected,  but  the  paral- 
lal  transition  1(4)»-1(4)«  baa  a euhstinHal  tranalttoa 
momeat  oa  tba  order  of  a few  percent  of  the  strong 
•ij-'r,  transition  la  the  Franek-Coadon  region.  It  is- 
larger  by  a factor  of  2-3  than  tbs  tranalttoa 

moment  in  tola  region.  The  prediction  of  a significant 
transition  moment  for  the  parallel  transition  1(4),  - 1(4), 
explains  the  observation  in  crossed  beams,  which  favors 
parallel  transitions,  of  a pbotofragment  peak  at  a W ap- 
propriate for  the  n-E  transition  [see  Fig.  4(a)]. 

In  order  to  attempt  to  quantitatively  describe  the 
photoabeorptlon  cross  section  the  adjusted  potentials 
of  the  previous  section  further  modified  by  considera- 
tion of  sptn-orbit  must  be  used  together  with  the  ap- 
propriate spin-orbtt  matrix  element.  The  'r,  and  'r, 
determined  previously  are  actually  the  1(4).  and  2(4), 
states,  respectively.  Since  both  the  1(4),- 1(4).  and 
1(4)»- 1(4).  transitions  occur,  the  *11,  state  determined 
previously  is  a combination  (nearly  the  average)  of  the 
1(4),  and  1(4),  states.  A reasonable  description  of  these 
states  is  provided  by  shifting  the  *11,  by  the  same  shift 
found  for  the  Stevens  tt  al.  potentials.  For  the  1(4), 
this  amounts  to  towering  the  *11,  by  -a  * + 0. 059  eV  and 
for  the  1(4)„  raising  the  adjusted  *n,  state  by  0. 055  eV. 
Cross  sections  are  again  calculated  from  Eq.  (7),  where 
for  all  transitions  g.  « 1.  In  the  coaxial  beam  exper- 
iment the  perpendicular  transitions  1(4),- 1(4).  and 
1(4),- 1(4).  are  preferentially  observed,  and  the  mea- 
sured cross  section  is  the  sum  of  these  two,  as  shown 
in  the  upper  part  of  Fig.  9.  In  the  drift  tube  experi- 
ment the  effect  of  the  parallel  1(4),- 1(4).  transition  is 
seen  as  well,  and  In  fact  dominates  the  total  cross  section. 

The  sum  of  these  three  transitions  ts  shown  In  toe 
tower  part  of  Fig.  9.  While  the  total  cross  section  is 
predicted  to  be  an  order  of  magnitude  larger  than  that 
of  the  cross  section  due  to  the  perpendicular  transitions 
only,  in  both  experiments  the  peak  is  predicted  at  es- 
sentially the  same  wavelength  7160  A.  This  may  seem 
unexpected  since  the  total  cross  section  is  dominated  by 
toe  parallel  transition  to  the  1(4),  potential  curve,  while 
the  coaxial  beam  measurements  are  sensitive  to  essen- 
tially the  average  of  the  1(4),  and  1(4),  potential  curves. 
IB  this  system,  however,  the  different  variations  of  the 
respective  transitions  moments  with  inter  nuclear  dis- 
tance approximately  compensates  for  this  difference. 

It  ts  now  clear  that  the  total  photodissociation  cross 
sections  as  measured  by  Miller  tt  al. 11  should  be  sub- 
stantially larger  than  cross  sections  calculated  without 
Inclusion  of  spin-orbit  effects,  but  toould  have  approxi- 
mately the  same  wavelength  dependence,  thus  explain- 
ing the  observations  shown  in  Fig.  5.  The  fact  that  the 
calculated  cross  sections  including  spin-orbit  coupling 
(Fig.  9)  are  now  about  a factor  of  3 larger  than  the  ex- 
perimental cross  sections  (Fig.  5)  is  not  yet  understood. 
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FIG.  S.  Schematic  potential  corvee  for  ArJ  including  spin- 
orbit  coupling. 


Correlating  to  toe  Ar*(*Pl/t)+Ar  limit  are  the  2(4). 
similar  to  the  *11.  and  the  2(4),  similar  to  toe  'rr  The 
1(4),  and  1(4),  states  are  separated  by  approximately 
2a,  toe  1(4),  being  tower  then  toe  original  *11,  by  pre- 
cisely a (see  the  previous  paragraph,  recalling  that  a 
Is  negative)  and  the  1(4),  being  higher  than  the  ltl,  by 
an  amount  approximately  equal  to  a.  From  the  1(4). 
state  perpendicular  transitions  may  be  mads  to  toe  l(j)„ 
and  both  perpendicular  and  parallel  transitions  may  be 
made  to  the  two  (4),  states. 

For  the  fl>4  states  the  appropriate  wavefunettons  may 
be  expressed  as  linear  combinations  of  toe  S and  n 
wavefunettons  with  coefficients  given  by  toe  eigenvectors 
of  the  matrix  of  Eq.  (9).  Using  these  linear  combina- 
tion wavefunettons  transition  moments  for  all  possible 
transitions  are  given  as  linear  combinations  sf  toe 
transition  moments  for  toe  lU,-lZ‘m  and  *n, 

-*n.  transitions. 

Potential  curves  including  spin-orbit  coupling  were 
calculated  from  the  potentials  curves  of  Stevens  tt  al, M 
using  Eq.  (9).  At  intsrnuclsar  distances  near  the  equi- 
librium separation  the  coefficient  of  toe  II  state  in  the 
wavefuactlon  for  the  bound  1(4).  sate  is  -0. 03,  as  la 
the  coefficient  of  the  Z sate  in  the  1(4),  wavefunction. 
Electronic  transition  moments  between  the  sptn-orbit 
stain  were  calculated  from  toe  transition  moments 
given  by  Stevens  tt  al.  For  the  perpsodlcular  transi- 
tions 1(4),- 1(4).  and  1(4),- 1(4).  tt*  transition  moment 
is  essentially  equal  to  that  for  the  tn,-,S;  transition. 
For  toe  parallel  transition  2(4),- 1(4).  the  transition 
moment  Is  essentially  that  of  the  *E;-  ‘r;  transition. 

Of  the  two  transitions  not  predicted  without  spin-orbit 
coupling,  the  transition  moment  for  the  perpendicular 
transition  2(4),- 1(4).  is  smeller  by  an  order  of  magni- 


VI.  SUMMARY  ANO  CONCLUSIONS 

From  too  pbotofragment  kinetic  energy  spectra  mea 
sored  In  tots  work  at  14  wavelengths  potential  curves 
for  the  *n„  and  *V,  states  of  Ar;  hove  been  de- 
duced. The  potential  curves  calculated  by  Stevens 
tt  al. u were  adjusted  to  give  agreement  with  toe  pres- 
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FIG.  9.  Calculated  photodleaoclatlon  croaa  aeotiooa  Including 
ip  In-orbit  coupling  for  the  n — E tranaition.  (upper)  Lone 
daah— l(4)f— 1(4),  perpendicular  tranaition;  abort  daah— l(})f 
— perpendicular  tranaition;  solid  curve— aum  of  these 
two  transitions.  (Lower)  Two  lower  curves— same  aa  in  upper 
figure;  long  dashed  curve— 1(4),  — 1(4),  parallel  transition; 
solid  curve— aum  of  these  three  transitions. 


ent  data.  For  the  *2;  state  their  curve  was  translated 
downward  by  0. 141  eV  to  give  agreement  with  the  ex- 
perimental A,  value  of  1. 33  a 0. 020  eV.  The  *n,  and 
*2J  were  determined  relative  to  this  *2;  potential  curve 
with  an  additional  uncertainty  of  less  than  20  meV.  No 
direct  information  was  gainsd  on  the  *11.  state,  which  is 
not  dipole  connected  to  the  *2;  ground  state.  However, 
its  location  can  be  determined  from  the  *n.-*n.  differ- 
ence potential  given  by  Joms  tt  al. 5 The  *11,  shown  in 
Fig.  1 was  determined  In  this  way. 

Considering  the  effects  of  spin-orbit  coupling,  the 
*2;  and  states  determined  above  are  actually  the 
1(4),  and  2(4),  spin-orbit  states,  while  the  *n,  state  Is 
essentially  an  average  of  the  1(4),  and  1(4),  states. 
Spin-orbit  states  are  needed  to  explain  the  observation 
of  a strong  parallel  transition  at  aa  energy  correspond- 
ing to  the  *n,-*2;  transition,  which  has  only  a perpen- 
dicular transition  in  the  absence  of  spin-orbit  coupling. 
Additionally,  all  transitions  allowed  by  spin-orbit  cou- 
pling must  be  considered  to  explain  the  magnitude  of 
the  cross  section  for  this  transition. 

Sott  added  in  proof:  The  calculations  of  Ref.  10  will 
appear  la  W.  J.  Stevens,  M.  Gardner,  A.  Karo,  and 
P.  Julienne,  "Theoretical  determination  of  bound-free 
absorption  cross  sections  in  ArJ,  " J.  Cham.  Phys.  (to 
be  published).  In  that  paper,  the  effects  of  spin-orbit 


coupling  on  the  potential  curves  and  matrix  elements  is 
considered.  The  results  are  in  complete  agreement  with 
those  presented  here. 
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Photofragment  spectroscopy  and  potential  curves  of  Kr2+  ■> 

R.  Abouaf,*  B.  A.  Huber, P.  C.  Cosby,  R.  P.  Saxon,  and  J.  T.  Moseley 
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9Wni2l  Nownbw  1977) 

PhotoAagmaet  ensrgy  dbtrihetions  law  bam  mu— ill  for  the  pnoa  Kx,*[l(l/7),J+*w-Kr'+Kr  using 
• 3 kaV  ioa  hewn  <ad  CW  lam  both  coaxial  and  creased  with  the  ioa  bum  it  1 1 wavelengths 
between  4610  and  7993  A.  Tranunona  to  the  diencutm  mm  1(1/2),  end  2(1/2),  in  observed.  The 
experimental  reuilt*  an  uaed  to  idjuw  recent  theoretical  ralralrtinna  to  provide  potential  curvee  for  the 
Krf  scams  1(1/2),,  1(1/2),,  and  2(1/2),  with  an  uecanmaty  of  *20  mV  at  internoclanr  distances  near 
the  ground  state  potential  minininm. 


I.  INTRODUCTION 


II.  EXPERIMENTAL  PROCEDURES 


la  contrast  to  thn  other  ram  gas  dinar  loos,  KrJ  has 
basn  relatively  ignored,  both  experimentally  and  theo- 
retically. Apparently,  only  two  differential  scattering**4 
measurements  have  been  made  on  Kr*  *Kr.  The  first1 
yielded  no  direct  information  on  the  potential  curves. 

In  the  second,  * primary  rainbow  maxima  were  observed, 
yielding  a ground  state  well  depth  of  1. 21  * 0. 1 eV  for 
KrJ,  but  satisfactory  potential  curves  were  not  obtained. 
Barr,  Dee,  and  Gilmore*  have  constructed  potential 
curves  for  KrJ,  following  the  example  of  Mulllken*  for 
XeJ,  but  them  have  apparently  been  no  detailed  calcula- 
tions on  KrJ  prior  to  very  recent  work*  by  W.  R.  WadL 
Somewhat  mom  information  does  exist  on  the  well  depth. 
Electron  Impact  appearance  potentials*  have  yielded  a 
lower  limit  of  about  1. 0 eV.  Photoionisation  threshold 
measurements  have  yielded  lower  limits  of  0.998*  and 
1.13  eV,'  and  a value  of  1.18*0.02  eV*  for  the  well 
depth.  Using  those  values  (except  for  the  mom  recent 
values  of  Refs.  2 and  9),  Mulllken*  estimated  a “true 
value"  of  t.  2 eV. 

The  lack  of  accurate  potential  curves  for  this  mole- 
cule thus  provides  a motivation  for  the  work  reported 
hem.  In  addition,  the  most  promising  candidate  for  an 
efficient  high  power  ultraviolet  laser  is  a laser  based 
on  KrF.  In  this  laser,  absorption  by  KrJ  is  believed 10 
to  be  an  important  loss  mechanism,  and  the  present  ef- 
fort to  optimize  this  laser  requires  a better  understand- 
ing of  the  KrJ  potential  curves  and  transitions. 

We  report  hem  the  measurement  of  photofragment 
energy  distributions  for  the  reaction 

KrJ(l(i)J*fcv-Kr*i.Kr.  (1) 

The  experimental  results  am  used  along  with  recent 
calculations*  to  provide  accurate  KrJ  potential  curves 
and  absorption  spectra  in  the  visible  and  ultraviolet. 

Both  the  experiments  and  the  interpretation  parallel 
that  recently  reported11  for  ArJ. 


The  measurements  reported  hem  wem  made  using 
ion  photofragment  spectrometer  which  has  been  de- 
scribed in  detail  elsewhere. u Basically,  with  this  ap- 
paratus photons  from  a laser  can  be  directed  either 
coaxially  or  crossed  with  an  ion  beam  having  a typical 
energy  of  3 IteV.  Photofragments  produced  in  the  laser- 
ion  interaction  region  which  are  ejected  into  a 2 mrad 
angle  along  the  ion  beam  direction  pass  into  an  energy 
analyzer  where-  their  energy  distribution  can  be  mea- 
sured. The  energy  resolution  is  typically  20  meV  in 
the  molecular  ion  center-of-mass  frame.  In  the  crossed 
beams  configuration,  angular  distributions  of  the  photo- 
fragments can  be  measured  by  rotating  the  laser  po- 
larization. However,  for  the  work  reported  here,  the 
laser  polarization  for  crossed  beams  waa  always  paral- 
lel to  the  ion  beam  direction.  In  the  coaxial  beams  con- 
figuration the  laser  polarization  is  necessarily  always 
perpendicular  to  the  ion  beam  direction. 

A typical  experimental  photofragment  kinetic  energy 
spectrum,  obtained  at  8471  k for  parallel  laser  polar- 
ization, is  shown  in  Fig.  i.  The  spectrum  is  nearly 
symmetric  since  fragments  ejected  with  kinetic  energy 
either  forward  or  backward  along  the  beam  direction 
am  detected  with  nearly  equal  efficiency.  The  center 
of  the  spectrum,  corresponding  to  separation  energy  W 
equal  to  zero,  la  at  1500  eV,  as  expected  for  the  photo- 

SEPARATION  ENERGY  W (meV) 
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FIG.  1.  Photofragment  kinetic  energy  spectrum  for  KrJ  pho- 
todlasoelatlon  at  8*71  A.  The  broad  peak  cantered  at  1500  aV 
0)  la  dua  to  coLUaion-ioduced  dissociation. 
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FIG.  2.  Potential  curvoa  for  KrJ  including  spin-orbit  coupling 
u calculated  by  Wadt  (Bel.  3).  The  arrow*  and  separation 
energies  correspond  to  two  of  the  three  optically  alios ed  tran- 
sitions involving  the  ground  11}).  state. 


dissociation  at  a homonnclaar  diatomic  of  energy  3000 
eV.  A phot otragm ant  from  a homoouclear  diatomic  will 
appear  at  0*  or  180*  In  the  laboratory  frame  with  a ki- 
netic energy  T given  by  “•** 

(2) 

where  T0  la  the  parent  ion  kinetic  energy  and  W ia  the 
total  kinetic  energy  of  separation  In  the  center  -of-masn 
frame.  Tba  separation  energy  scale  at  the  top  of  Fig. 

1 Is  calculated  using  E q.  (2). 

The  procedure  for  interpreting  such  experimental  data 
in  terms  of  the  potential  curves  has  been  discussed  In 
detail  In  our  recent  paper11  on  ArJ.  It  can  be  summa- 
rized with  reference  to  the  computed*  Kr,'  potential  curves 
shown  in  Fig.  2.  At  a given  photon  energy,  one  can  ex- 
pect transitions  to  occur  to  the  1(4),  stats  (arrow  1),  re- 
sulting In  photofragments  of  total  aeparatlon  energy  near 
t?l(  to  tba  1(4),  state,  resulting  in  pbotofragmsnta  of 
total  separation  energy  near  Wt  (not  indicated  in  the  fig- 
ure), and  to  the  2(4),  state  (arrow  3),  resulting  In  photo- 
fragments of  energy  near  assuming  appropriate  vi- 
brational levels  of  the  ground  1(4).  state  are  populated 
in  each  case.  Transitions  to  the  ungerade  states  are 
not  expected  since  they  are  dipole  forbidden.  If  the 
ground  state  vibrational  levels  art  sufficiently  spaced, 
and  the  energy  resolution  of  the  apparatus  is  high  enough 
one  will  in  fact  observe  a series  of  peeks  u in  the  photo- 
fragment  energy  spectrum  whose  spacing  yields  the 
ground  state  vibrational  spacing.  For  KrJ,  as  for  Ar(, 
individual  vibrational  levels  are  not  resolved  since  the 
rotational  spread  within  each  vibrational  level  at  the 
ion  source  temperature  of  400  K Is  larger  than  the  en- 
ergy separation  of  adjacent  vibrational  levels. 

The  energise  of  the  peeks  observed  ia  the  photofrag- 
ment energy  spectra  are  clearly  related  to  the  difference 
between  the  appropriate  potentials.  Given  a proposed 
set  of  potential  curves,  it  Is  straightforward  to  calcu- 
late11 the  expected  locations  and  shapes  of  the  photo- 
fragment  energy  peeks,  and  ths  shape  of  the  photodis- 
sociation cross  section  (equivalent  in  this  case  to  the 
absorption  cross  section),  (or  toy  specified  degree  of 
excitation  of  the  ground  state.  Direct  inversion  of  the 
experimental  data  to  determine  potential  curves  is,  of 


course,  much  more  difficult  and  not  unique. 

Ths  procedure  we  follow,  which  is  discussed  in  de- 
tail in  our  earlier  paper, 11  is  to  adjust  ths  best  available 
calculated  potential  curves  so  that  they  reproduce  the 
experimental  photofragment  energy  spectra  and  photo- 
dissociation  cross  section.  This  procedure  locates  the 
curves  very  accurately  with  respect  to  one  another  in 
energy,  but  does  not  give  Information  on  the  internu- 
clear  separation. 

Experimental  photofragment  energy  spectra,  such  as 
the  one  shown  in  Fig.  1,  are  obtained  over  a wide  wave- 
length range,  including  that  necessary  to  photodissociate 
the  v -0  level  of  the  ground  state.  The  wavelengths 
which  do  photodissociate  v «0  can  be  identified  from  the 
progression  of  (Av-W)  values  as  a function  of  wavelength, 
sines  they  will  yield  the  maximum  value  of  this  quantity. 
This  maximum  value  of  (hv-W),  when  corrected  by  the 
average  rotational  energy  of  the  Ions,  yields  ths  bond 
energy,  £)0(KrJ).  Ths  calculated  ground  state  potential 
curve  can  now  be  adjusted  to  agree  with  the  experimen- 
tally determined  bond  energy. 

If  the  photodlseodation  cross  section  for  ions  pri- 
marily in  v ■ 0 is  available,  it  can  be  used  to  adjust  ths 
appropriate  dissociative  potential.  In  this  cast,  such 
a cross  section  was  available1'  for  ths  1(4),-  1(4).  tran- 
sition, and  it  was  ussd  to  locate  ths  1(4),.  Using  thess 
potential  curves,  photofragment  energy  spectra  can  be 
calculated  and  compared  with  experiment.  If  neces- 
sary, iterative  adjustment  of  the  potentials  can  be  mads 
until  curves  are  obtained  which  reproduce  both  photo- 
dissociation  and  photofragment  energy  experimental 
data. 

If  the  appropriate  photodlseodation  cross  section  is 
not  available,  or  If  ths  observed  transitions  art  not  oc- 
curring near  the  equilibrium  mtemuclear  separation, 
the  observed  sepention  energies  as  a function  of  tran- 
sition energy  can  be  used11  to  locate  points  on  ths  dis- 
sodativt  curves  relative  to  ths  ground  stats.  Again, 
iterative  adjustment  can  be  made  until  an  acceptable 
agreement  with  the  experimental  data  is  obtained.  This 
procedure  was  ussd  for  2(4),- 1(4),  transition. 

III.  EXPERIMENTAL  RESULTS 

Photofragment  energy  spectra  such  as  the  one  Illus- 
trated in  Fig.  1 were  obtained  at  11  wavelengths  be- 
tween 4680  and  7903  A.  At  most  of  these  wavelengths 
spectra  wars  obtained  (or  laser  polarizations  both  par- 
allel and  perpendicular  to  the  ion  beam  direction.  Both 
peaks  in  the  spectra  were  always  better  resolved, 
peeked  at  slightly  lower  W values,  and  relatively  more 
intense  for  parallel  laser  polarization,  showing11  that 
ths  two  transitions  observed  were  parallel  ones.  Be- 
cause of  the  large  epln-orbit  splitting  in  KrJ,  and  the 
fact  that  ths  2(4),  curve  correlates  with  ths  higher 

limit  (see  Fig.  2)  It  is  clear  that  the  lower 
energy  peek  corresponds  to  the  2(4),  - 1(1),  transition 
and  ths  higher  energy  peek  to  1(4),  - 1(4)..  Ths  fact 
that  the  magnitude  of  the  higher  energy  peek  relative  to 
the  lower  is  the  seme  for  both  parallel  and  perpendicular 
laser  polarization*  shows  that  1(4),- 1(4).  transition  is 
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TABLE  I.  Summary  at  raaulU  for  tha 
craaamoa  l(|),-  1(4),.  All  experimental 
raaulU  ara  for  oroaaad  baama  (parallel 


7993  0.450  1.101  0.449  3 


7525  0.530  l.US  0.520  2 

8764  0.674  1.159  0.674  0 

8471  0.777  1.139  0.766  1 


negligible  ralatlva  to  tha  1(4),  - 1(4),.  Thia  la  In  eontrmat 
to  tha  caaa  (or  ArJ. 11  Thara  tha  effects  of  tha  traasl- 
tlon  to  tha  1(4),  could  ba  claarly  aaan  whan  tha  Inaar  po- 
larization wan  parpandlcular  to  tha  ion  bona  direction, 
aren  though  tha  croaa  section  for  thia  transition  wan 
only  about  3%  of  that  for  tha  tranaltion  to  tha  1(4),. 

Table  I summarizes  tha  raaulta  of  maaauramanta  on 
tha  higher  energy  peak  at  four  wavelengths  uatng  croaaad 
baama.  Tha  maximum  In  tha  quantity  (*k  - W-t)  at 
6764  A lndicataa  thia  quantity  corraaponda  to  tha  bond 
energy  0,(Kr;).  To  thia  value  must  ba  added  tha  aver- 
age rotational  energy  ot  Krj  at  the  assumed  aourca  tem- 
perature of  400  K,  which  la  17  maV.  Thus  we  deter- 
mine £•(&;)  ■ 1.176  a 0.020  maV,  where  tha  uncertainty 
taken  Into  account  the  uncertainties  In  both  tha  photo- 
fragment kinetic  energy  measurement  and  tha  ton  source 
temperature.  Thia  value  la  in  agreement  with  the  pre- 
viously reported,  **T  but  lean  precise  values,  and  with 
the  recent  value  of  1. 19*0.02  maV  reported  by  Ng, 
Trevor,  Mahan,  and  Lee. ' If  our  value,  with  its  quoted 
uncertainty,  and  that  of  Ng  tt  al.  are  correct,  they,  to- 
gether, Imply  a bond  energy  ot  Kr;  in  the  range  1. 196 
to  i.  170  eV. 

At  the  other  available  wavelengths  no  clear  features 
were  observed  which  could  be  attributed  to  this  1(4), 

- 1(4),  transition.  The  reason  for  this  la  clear  from 
the  potential  curves  shown  In  Fig.  2.  Slnoe  tha  repul- 
sive walls  of  the  1(4).  and  1(4),  curves  have  nearly  the 
same  R dependence,  it  la  necessary  to  go  to  very  high 
vibrational  levels  (approximately  v >40)  before  the  tran- 
sition at  the  next  available  wavelength,  9682  A,  Is  en- 
ergetically accessible. 

The  1(4),  and  1(4),  potential  curves  of  Wadt1  were  ad- 
justed as  previously  discussed,  yielding  tha  values 
shown  In  Table  I.  In  order  to  obtain  agreement  with  the 
Kr;  bond  energy  it  was  necessary  to  lower  the  calcu- 
lated 1(4),  curve  by  0. 138  eV.  It  was  then  made  to  cor- 
relate with  the  appropriate  Kr’CP,,,)  *Kr  limit  by  ex- 
ponentially decreasing  the  size  of  this  translation  with 
R,  for  A >4  A.  Then  to  obtain  agreement  with  the  photo- 
dissociation  croaa  section14  and  the  photofragment  en- 
ergy spectrum  it  was  necessary  to  lower  the  calculated 
1(4),  curve  by  0.036  eV,  again  decreasing  the  transla- 
tion at  large  R. 

The  correspondence  between  the  two  sets  of  W values 
is  excellent,  supporting  the  validity  of  tha  adjusted 
curves.  Note  also  that  the  (Ax  - W)  values  show  a spac- 


ing relative  to  the  one  corresponding  to  v *0  (6764  A)  of 
about  (a  times  20  meV)  where  a *1  for  6471  A,  2 for 
7923  A,  and  3 for  7M3  A.  This  value  at  20  meV  la  ap- 
proximately the  predicted  vibrational  spacing  of  the 
lower  vibrational  levels,  and  In  fact  the  calculation  pre- 
dicts that  the  vibrational  level  contributing  most  heavily 
at  6471  A la  v -1,  at  7929  A la  v -2,  and  at  7M3  A is 
v -3,  as  shown  In  the  last  column  of  Table  I. 

Table  □ provides  a similar  summary  of  the  results 
for  the  2(4),- 1(4),  transition.  For  this  transition, 

is  the  binding  energy  of  the  Initial  state  plus 
0.666  eV,  the  difference  between  Kr,’/,  and  Kr;,,.  The 
calculated  values  of  W and  tha  principal  vibrational 
levels  contributing,  were  determined  using  the  adjusted 
K4),  potential  discussed  above,  and  the  2(4),  potential 
curve  as  calculated  by  Wadt.  Agreement  In  the  W val- 
ues was  obtained  by  raising  the  calculated  potential 
curve  by  only  10  meV. 

As  a further  check  on  the  potential  curves  determined 
here,  photodissociation  cross  sections  were  calculated 
for  the  two  observed  transitions,  for  ions  In  thermal 
equilibrium  at  300  K.  The  1(4),- 1(4),  transition  can 
then  be  compared  with  the  measurements  of  Lee,  Smith, 
Miller,  and  Cosby, 14  and  the  2(4),- 1(4),  to  the  mea- 
sured17 absorption  In  an  electron-beam  excited  Ar/Kr 
gas  mixture,  which  was  attributed  to  this  transition.  In 
order  to  make  this  comparison,  the  calculations  and 
experimental  measurements  must  ba  normalised.  For 
the  1(4),- 1(4),  transition,  the  calculations  were  nor- 
malized to  the  experiment,  since  absolute  values  of  the 
cross  sections  were  determined. 14  This  required  multi- 
plying the  calculated  values  by  0. 39,  or  in  other  words, 
the  calculated  transition  moment 14  Is  larger  than  that 
Implied  by  the  experiment  by  about  29%.  However,  this 
difference  Is  within  the  combined  uncertainties  ot  the 
calculation  and  the  experiment.  For  the  2(4),  - 1(4). 
transition,  the  experimental  measurements17  ware  of 
the  relative  absorption.  Thus  they  were  normalized  to 
the  calculated  cross  sections.  The  results  are  shown 
in  Fig.  3.  The  fact  that  the  experimental  absorption 


TABLE  21.  Summary  of  results  for  tha  tran- 
sition 2(4),— 1(4),.  All  sxpenmental  results 
ara  for  crossed  beams  (parallel  polarization). 
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v level 
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26 
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FIG.  4.  Potential  curves  for  Kr{  determined  la  this  work. 

Tba  (olid  porticos  at  the  cuttm  wuru  aaudfod  bam  the  das  had 
portloos  coma  front  the  oafoutaUOM  at  Wadt  (Ref.  S>  adjusted 
as  diseussad  la  tbs  tost.  Tha  arrows  sad  seperatloa  anerflai 
corrospoud  to  tha  two  obsarrad  transitions  at  47S4  A. 


for  tha  2(*)f  transition  is  broader  than  tha  calculation 
is  not  surprising  sines  the  tons  in  this  csss  may  wall 
not  be  in  equilibrium  at  300  K,  and  other  absorbers  may 
also  be  present. 


orgy  of  the  ground  state  and  the  location  of  the  two  dis- 
sociative potentials  in  energy  relative  to  the  ground 
state  should  be  accurate  to  within  a 20  me V.  As  pre- 
viously stated,  no  direct  information  is  obtained  on  the 
internudear  separation;  this  scale  is  set  by  the  cal- 
culation. 1 


Figure  4 shows  the  potential  curves  determined  in 
this  work.  Table  m gives  numerical  values  for  these 
potentials.  The  values  not  in  parentheses  are  for  the 
parts  of  the  curves  actually  probed  in  the  work  reported 
here;  the  values  in  parentheses  come  directly  from  the 
calculations  of  Wadt,  adjusted  as  previously  described. 
Similarly,  the  solid  line  portloos  of  the  curves  of  Fig.  4 
were  studied  in  the  work  reported  here.  The  bond  en- 
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PHOTODISSOCIATION  CROSS  SECTIONS  OF  Ne2+,  Ar^,  Kr2+,  AND  Xe2+ 

FROM  3500  TO  5400  % 

L.  C.  Lee  and  G.  P.  Smith 
Molecular  Physics  Laboratory 
SRI  International,  Menlo  Park,  CA  94025 

ABSTRACT 

The  photodissociation  (photoabsorption)  cross  sections  of  Ne2+,  Ar2+, 
Kr2+,  and  have  been  measured  from  3500  to  5400  X.  The  rare  gas  dimer 

ions  were  produced  in  a drift  tube  mass  spectrometer,  and  the  Kr+  and  Ar+ 
ion  laser  lines  were  used  as  the  photon  source.  The  cross  sections  decrease 
monotonically  with  increasing  photon  wavelength  from  3500  to  5000  £,  and 

then  Increase  with  photon  wavelength.  The  cross  sections  have  values  of 
1.93,  13.3,  24.8,  and  29.6  * 10"18  cm2  at  (3569  and  3507)  l for  Ne2+,  Ar2+, 
Kr2+,  and  Xe2+,  respectively.  The  current  measurements  are  compared  with 

■f  + 

various  theoretical  calculations.  The  dependence  of  the  Ne2  and  Ar2 
cross  sections  on  the  effective  kinetic  temperature  was  investigated  by 
increasing  the  ion  drift  velocity,  and  was  attributed  to  vibrational 
excitation  of  the  ions. 
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I Introduction 


i 

* i 


The  photoabsorption  cross  sections  of  rare  gas  dimer  ions,  Ne^  , Ar^  , 

Kr2+,  and  Xe2+,  have  recently  been  extensively  investigated,  because  these 

processes  are  important  for  detailed  characterization  and  optimization  of 

the  rare  gas  excimer  and  rare  gas -halogen  lasers.*’  The  photoabsorption 

2 3 

of  rare  gas  dimer  ions  occurs  by  transitions  ’ from  the  bound  ground 

electronic  state,  l(%)u,  to  repulsive  states,  which  results  in  dissociation. 

U 5 

Several  measurements  have  been  made  ’ on  the  photodissociation  cross 
sections  of  the  l(%)g  •*  l(^)u  transition  in  the  visible  region.  The 
experimental  data  for  this  transition  are  reasonably  consistent  with 

2-6 

theoretical  calculations.  On  the  other  hand,  absolute  photodissociation 
cross  section  measurements  on  the  2(^)g  - l(^)u  transition  in  the  ultra- 
violet region  have  only  been  made  by  V anderhof f2 * * * *  7 for  Ar  +,  Kr  +,  and  Xe  + 

4 4 4 

at  3.0  and  3.5  eV,  and  relative  photoabsorption  cross  section  measurements 

+ + g 

attributed  to  Ar2  and  Rr^  have  been  made  by  Hunter  et  al.  Theoretical 

2 6 9 10 

calculations  on  this  photoabsorption  band  are  very  extensive.  ’ * ' Since 

this  ultraviolet  absorption  band  is  important  in  various  laser  applications 

Involving  the  rare  gases,  additional  experimental  study  of  this  band  is  of 

interest.  We  report  here  absolute  photodissociation  cross  section  measure- 

ments on  all  four  of  these  ions  in  the  3500-5400  I.  region. 


2 


The  measurements  reported  here  were  made  using  a drift  tube  mass 

spectrometer  which  has  been  described  In  detail  In  a previous  paper. 

Basically,  the  apparatus  consists  of  an  Ion  source,  drift  region,  mass 

analyser,  and  Ion  detector.  The  source  and  drift  regions  were  filled 

with  the  gas  of  Interest  at  a pressure  of  0.4  torr.  Ions  produced  In 

an  electron  Impact  source  move  along  the  drift  tube  under  the  Influence  of 

a weak  uniform  electric  field  toward  a 1-mm  diameter  exit  aperture.  For 

the  photodissociation  cross  section  measurements,  the  ratio  of  the  applied 

electric  field  to  the  gas  number  density,  E/N,  was  limited  to  10  and  20 

-17  2 

Townsend  (1  Td  ■ 10  V-cm  ) . The  dependence  of  the  apparent  photodisso- 
ciation cross  section  on  the  applied  electric  field  was  also  studied  by 
varying  E/M  from  10  to  170  Td. 

The  drifting  ions  intersect  a laser  beam  of  diameter  — 1.5  mm  in  front 

of  the  exit  aperture.  Various  visible  lines  of  Ar  and  Kr  ion  lasers, 

tuned  by  a prism,  were  used  as  the  photon  source.  The  ions  were  inside 

the  laser  cavity.  At  the  uv  lines  of  the  Kr+  ion  laser,  which  consists  of 

257.  3569  X and  757.  3507  X,  the  tons  were  outside  the  laser  cavity.  The  photo- 

dissociation  cross  sections  at  these  photon  wavelengths  are  large,  so  the 

laser  power  was  reduced  to  avoid  the  diffusion  effect  caused  by  a high 

12 

percentage  of  ion  destruction.  The  laser  was  mechanically  chopped  at 
100  Hz.  The  ions  of  interest  were  selected  by  a quadrupole  mass  spectrometer 
and  detected  by  a channel tron  electron  multiplier.  The  number  of  ions  were 


3 


if;-' . 

*■ 

'X 

J&'- 


counted  for  equal  periods  during  which  the  laser  was  on  and  off.  The  cross 

sections  were  placed  on  an  absolute  scale  by  normalization  to  the  0 and  0^ 

13  14 

photodetachment  cross  sections.  * The  reduced  ion  mobilities  used  for 
such  normalisation  were  obtained  from  the  recent  literature.*^ 

At  each  wavelength  the  number  of  ion  counts  were  accumulated  until  the 
statistical  uncertainty  in  the  photodestruction  signal  was  less  than  10%.  The 
relative  intracavity  photon  Intensity  is  determined  by  measurement  of  the  laser 
output  power,  with  an  uncertainty  of  less  than  5%  for  every  wavelength 
measured.  The  ion  mobility  is  known  to  within  5%  of  its  true  value.  Including 
the  uncertainty  in  the  0 and  0^  photodetachment  cross  sections  used  for 
normalization,  the  experimental  uncertainty  for  the  absolute  photodissociation 
cross  sections  is  estimated  to  be  + 207.. 

Ill  Photodissociation  Cross  Sections  at  Low  E/N 

2 9 

The  photodissociation  cross  sections  of  molecular  ions  are  dependent  ’ 
on  the  rotational  and  vibrational  populations  of  the  ions.  Thus,  data  on 
photodissociation  cross  sections  are  meaningful  only  if  the  populations  of  the 
ions  are  reasonably  well  defined.  The  populations  of  dimer  ions  can  be  affected 
by  the  applied  electric  field  (see  Section  TV)  and  by  the  processes^  that  form 
the  ions.  The  dimer  ions  are  mainly  formed  by  a three-body  reaction^  that  may 
produce  the  ions  in  vibrationally  excited  states.  However,  at  low  values  of 
E/N  (less  than  about  20  Td),  the  ion  kinetic  energies  acquired  from  the  field  are 
much  less  than  from  thermal  collisions  at  room  temperature,  and  these  ions  will  be 
well  relaxed  by  collisions  in  the  drift  region.  They  are  essentially  in  thermal 
equilibrium^  at  near  room  temperature  (300  K) . The  photodissociation  cross  sections 


4 


of  N«2+»  Ar^+»  Kr^"*",  and  X*2+  4t  various  Photon  wavelengths  are  listed  in 

Table  I.  where  Ne.  and  Ar.  were  measured  at  10  Td,  and  Kr„  and  Xe„  at 
*22  2 2 

20  Td.  The  reduced  ion  mobilities  used  to  calculate  their  drift  velocities 
are  6.26,  1.83,  0.995,  and  0.617  cm^/V*sec  for  Ne  +,^  Ar  +,^,  Kr  +,^  and 

*m  tm  <fc 

Xe^+,^  respectively,  in  their  parent  gases. 

The  photoabsorption  bands  reported  here  result  from  the  2(%)g  l(%)u 


transition.  l(%)u  is  the  ground  electronic  state,  which  is  bound.  2(%)g  is 

+ 2 

a repulsive  state  dissociating  into  Rg  ( P^)  + Rg,  where  Rg  - Ne,  Ar,  Kr,  or 


Xe.  These  potential  curves  are  described  in  detail  in  the  literature. 


2,3,9,10 


The  present  results  are  compared  with  other  experimental  measurements 

2 3 6 9 10 

and  theoretical  calculations  * * * * in  Figures  1-3.  The  present  measure- 
ments agree  very  well  with  the  experimental  data  given  by  Vanderhoff^  at 
3.0  and  3.5  eV  for  the  Ar  + and  Kt^*  ion8»  but  t0  a lesser  degree  for  Xe^+. 
For  Xe2+,  the  present  data  are  lower  than  the  values  of  Vanderhoff,^  but 
are  consistent  within  the  experimental  uncertainties.  The  theoretical 
calculations  agree  qualitatively  with  the  present  measurements,  but 
quantitatively  the  theoretical  calculations  require  adjustment.  For  Ar^*, 

the  present  data  agree  best  with  the  ab  initio  calculations  of  Stevens  et  al.‘ 

2 

In  these  calculations  a basis  set  of  Slater-type  functions  has  been  used 

to  construct  the  single-configuration  wavefunctlons  for  the  four  Ar^"*” 

electronic  states,  +,  +,  , and  2n  . A large  basis  set  has  been 

u g g u 

used  in  anticipation  that  the  transition  moment  would  be  sensitive  to  any 


deficiencies.  As  shown  in  Fig.  1,  their  calculations  agree  very  well  with 
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Che  measurements.  The  calculations  of  Moseley  et  al. 1,0  for  Ar^+  and  Abouaf 

et  al.^  for  Kr^"*"  are  semiempirical.  In  these  calculations  the  potential 

curves  and  the  transition  moments  were  adopted  from  the  ab  Initio  calcula- 
2 3 

tion,  * but  the  potential  curves  were  adjusted  in  accord  with  the  observa- 
tions of  photofragment  spectroscopy.^’10  As  shown  in  Fig.  2 , these 
semiempirlcal  calculations  for  Kr^"*"  agree  quite  well  with  the  cross  section 

9 

measurements.  The  band  shapes  for  the  ab  initio  calculations  of  Wadt  et  al. 

also  agree  quite  well  with  the  measurements,  as  shown  in  Figs.  1-3.  However, 

their  peak  positions  require  a shift  toward  shorter  wavelengths.  This  shift 

9 

has  been  pointed  out  by  Wadt  et  al.  in  comparing  their  calculations  with 

8 

the  photoabsorption  measurements  of  Hunter  et  al.  Nevertheless,  this 
shift  of  the  peak  positions  requires  an  adjustment  in  the  potential  curves 
of  less  than  0.1  eV.  This  adjustment  is  within  the  possible  error  of 

9 

0. 1-0.2  eV  in  the  potential  curves  as  indicated  by  Wadt  et  al.  From  these 

investigations,  the  photodissociation  cross  sections  of  the  and  Kr^"1" 

dimer  ions  in  the  ultraviolet  band  seem  well  established.  For  Xe9+,  however, 
the  discrepancy  between  the  theoretical  calculations  and  experimental 
measurements  is  large,  indicating  the  need  for  substantial  adjustment  in 
the  potential  curves. 

g 

The  relative  cross  sections  measured  by  Hunter  et  al.  are  consistent 

2 + g 

with  the  calculation  of  Stevens  et  al.  for  Ar^  , and  with  Abouaf  et  al. 

+ 8 
for  Kr^  . When  the  relative  absorption  data  of  Hunter  et  al.  are 

normalized  to  the  present  measurements,  both  sets  of  data  agree.  This 


6 


' * h'4 


g 

suggests  that  the  absorptions  measured  by  Hunter  et  al.  may  be  properly 

attributable  to  Ar„+  and  to  Kr„+. 

2 2 

IV  Photodissociation  Cross  Sections  at  High  E/N 

An  attempt  to  investigate  qualitatively  the  relationship  between  E/N 
and  vibrational  excitation  was  made.  When  an  ion  drifts  under  the  influence 
of  an  electric  field,  it  acquires  kinetic  energy  in  addition  to  its  thermal 
energy.  This  additional  kinetic  energy  may  result  in  excitation  of  the 
dimer  ions  into  higher  rotational  or  vibrational  states.  Since  each  state 
has  its  own  transition  probability,  the  apparent  photodissociation  cross 

2 9 

sections  of  the  dimer  ions  can  depend  strongly  on  their  initial  excitations.  * 
The  cross  sections  can  thus  be  affected  by  the  acquired  kinetic  energy. 

In  order  to  study  this  effect,  the  photodissociation  cross  sections  were 
measured  at  a drift  distance  of  20  cm  and  a gas  pressure  of  0.4  torr  for 
various  E/N  values  from  10  to  170  Td.  The  results  for  photodissociation  of 
Ne2+  at  (3569  and  3507)  X and  of  at  4131  X are  shown  in  Table  II,  in 
which  the  ion  kinetic  energy  and  the  effective  translational  temperature 

I 

are  also  listed.  The  ion  kinetic  energy,  ER,  is  calculated  from  the  ion 

. . . 15,17,18 

drift  velocity,  v.,  as  given  by 
d 

I 

Er  — % mvd2  + Jf  Mvd2  + $ dkT  , 
and  the  effective  kinetic  "temperature"  is  defined  as 

j I*  - i EK/k 


* 


where  m and  M are  the  masses  of  ion  and  parent  molecule,  respectively,  T is 

7 


----- 


the  gas  temperature,  and  k is  the  Boltzmann  constant.  The  ion  drift 

velocity  is  calculated  from  the  product  of  the  reduced  ion  mobility, 

19  3 

E/N,  and  the  Loschmidt  number  (2.69  x 10  molecules/cm  ).  The  effective 

kinetic  temperature  is  not  a true  temperature.  The  translational, 

rotational,  and  vibrational  populations  at  an  effective  kinetic  temperature 

are  not  expected  to  have  Boltzmann  distributions. 

As  shown  in  Table  IX,  the  apparent  cross  section  of  Ar^"*"  is  less 

affected  by  the  applied  electric  field  than  for  Ne^"*".  This  is  because  Ar^"*” 

has  a lower  reduced  mobility  than  Ne^+,  and  therefore  its  kinetic  energy 

and  resulting  vibrational  excitation  are  less  sensitive  to  the  applied 

electric  field.  Since  Kr„+  and  Xe.+  have  even  lower  reduced  mobilities, 

2 2 

their  photodissociation  cross  sections  will  be  less  sensitive  to  E/N  than 
+ 

Ar2  . 

Translational  to  rotational  energy  transfer  is  expected  to  be  a fast 

process,  largely  because  the  energy  gap  between  rotational  quantum  states  is 

small  for  the  heavier  diatomics.  The  effective  rotational  temperature  of 

the  ions  at  any  E/N  should  therefore  be  close  to  the  effective  translational 

2 

temperature.  Furthermore,  Stevens  et  al.  have  shown  theoretically  that 
rotational  excitation  does  not  affect  the  Ar^+  photodissociation  cross 
section.  Thus  only  vibrational  excitation  is  likely  to  be  responsible  for 
any  E/N  variation  in  the  cross  section.  The  amount  of  vibrational  excitation 
is  determined  by  two  competing  processes:  translational  to  vibrational 
energy  transfer  from  the  kinetically  hot  Ax^+  (excitation),  and  vibrational 


8 


Co  Crans la Clonal  energy  cransfer  from  Ar^"*"  collisions  wlch  Che  300  K Ax 

gas  (deexcitation) . Such  V-T  processes  are  generally  slow,  buC  in  chis  case 

Chey  will  be  augmented  by  Che  swicching  reaccion  Ar2+  + Ar  — Ar  + Ar2+. 

The  races  for  Che  excitation  and  che  deexcicacion  processes  may  depend  on 

che  kinecic  energy  of  Che  Ar^  ions  acquired,  CurrenCly,  liccle  quantita- 

Cive  informacion  is  available  on  chese  imporcanc  energy  Cransfer  races. 

AC  4131  X,  Che  dependence  of  che  Ar^+  phocodissociaCion  cross  seccions 

on  che  vlbraCional  and  che  effeccive  kinecic  cemperacures  is  shown  in  Fig.  4. 

The  cross  seccions  for  che  vibracional  temperature,  where  che  rotational 

and  vibrational'  populations  are  in  a Boltzmann  distribution,  were  obtained 

2 

from  che  theoretical  calculations  of  Stevens  et  al.  For  a suitable  canpari- 

2 

son,  the  cross  section  given  by  Stevens  et  al.  at  300K.  was  normalized  to  the 

2 

present  measurement.  The  calculated  cross  sections  of  Stevens  et  al. 

are  larger  than  the  experimental  measurements,  but  their  relative  values 

for  various  vibrational  temperatures  are  probably  correct,  because  their 

calculations  are  very  consistent  with  the  experimental  measurements  for 

both  the  visible^  and  the  ultraviolet  bands  (see  Fig.  1).  As  shown  in 

* 

Fig.  4,  at  low  effective  kinetic  temperature,  T , the  apparent  photo- 
dissociation cross  section  is  equal  to  the  value  at  the  same  vibrational 
temperature.  This  temperature  equivalence  indicates  that  the  excitation 

process  determines  the  vibrational  excitation.  At  high  effective  kinetic 

* 

temperature,  the  cross  section  at  each  T is  smaller  than  the  value  at  the 
same  vibrational  temperature.  The  deexcitation  of  Ar^+  by  collision  with 
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the  surrounding  300  K gas  becomes  dominent,  and  a maximum  vibrational 
excitation  is  approached. 

The  apparent  cross  sections  at  the  various  applied  electric  fields  are 
not  dependent  on  the  ion  drift  distance.  This  indicates  that  a steady 
state  is  quickly  established  at  each  E/N.  The  vibrational  excitation  in 
the  steady  state  may  depend  on  the  gas  pressure  and  composition.  From 
such  dependence,  quantitative  data,  such  as  vibrational  excitation  and 
relaxation  rates,  may  be  obtained.  Further  investigations  on  this  subject 
are  planned. 

V.  Concluding  Remarks 

Including  the  results  reported  in  a previous  paper, ^ the  measurements 

for  the  rare  gas  dimer  ions  now  cover  the  photon  wavelength  region  from 

3500  to  8600  £.  Combining  these  experimental  measurements  with  the 

2 3 6 9 10 

extensive  theoretical  Investigations,  * * ’ * the  photodlssoclatlon 
cross  sections  for  the  transitions,  2(£)g  - l(^)u  and  l(^)g  - l(%)u,  are 
very  well  established. 

The  photodissociation  cross  sections  monotonically  decrease  with 
increasing  photon  wavelength  from  3500  to  5000  £.  At  longer  photon  wave- 
lengths the  photodissociation  cross  sections  increase  again.  This  increase 

is  caused  by  the  photoabsorption  of  the  l(%)g  - l(%)u  transition,  which 

4 5 

has  been  investigated  previously.  ’ 


10 


The  ultraviolet  absorption  bands  of  rare  gas  dimer  ions  reported  here 


are  red  shifted  with  increasing  atomic  number  as  predicted  by  theoretical 
9 o 

calculations.  At  the  uv  lines  (3569  and  3507  A)  Ne  is  just  starting  to 


is  apparently  near  the  absorption  maximum.  The  oscillator 


absorb,  while  Xe 


strengths  for  this  ultraviolet  absorption  band  are  of  the  same  magnitude 


in  contrast  to  the  visible 


band,  where  the  absorption  oscillator  strengths 


The  ultraviolet  band  has  a large  transition  moment 


and  the  electronic  states  involved  are  similar  for  all  rare  gas  dimer 


ions.  In  contrast,  the  transition  moment  responsible  for  the  visible  band 


is  very  small,  * and  its  transition  strength  depends  strongly  on  the 

2-6 

spin-orbit  coupling  which  increases  as  the  atomic  number  of  the  rare 


gas  increases.  Because  of  the  weak  spin-orbit  coupling,  the  absorption  cross 


section  of  Ne  in  the  visible  region  was  too  small  to  be  measured 
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Table  I 

“18  2 

Photodissociation  cross  sections  (10  cm  ) of  dimer  ions 
at  various  photon  wavelengths,  Ne2+  and  Ar2+  wer* 

measured  at  10  Td,  and  Kr2+  and  Xe2+  at  20  Td 


Ne^ 

Kr^ 

5309 

< 0.012 

0.033  + 0.004 

0.028  + 0.005 

5208 

< 0.028 

0.026  + 0.006 

0.022  + 0.004 

4825 

0.024  + 0.012 

0.100  + 0.014 

0.102  + 0.011 

4762 

< 0.11 

0.035  + 0.016 

0.122  + 0.013 

0.147  + 0.016 

4680 

0.082  + 0.022 

0.203  + 0.022 

0.244  + 0.024 

4579 

0.130  + 0.012 

0.39  + 0.03 

0.64  + 0.03 

4131 

< 0.09 

1.05  +0.10 

3.18  + 0.28 

5.50  + 0.55 

4067 

1.60  + 0.17 

3.63  + 0.37 

7.32  + 1.33 

3569 

3507 

1.93  + 0.20 

13.3  + 1.1 

24.8  + 1.9 

29.6  + 2.0 

: 

I 


mgr 


Table  XI 

-18  2 

Apparent  photodissociation  cross  section  9(10  cm  ) , average 

ion  kinetic  energy  E (meV) , and  effective  kinetic  temperature 

* K -17  2 + 

T (K)  at  various  E/N  (10  V«cm  ).  Ne^  was  photodissociated 

by  photons  of  wavelengths  0369  + 350ft&  and  Ar^  by  4131  £. 


E/N 

Ne 

+ 

2 

Ar 

+ 

2 

* 

* 

E„ 

T 

9 

E_ 

T 

9 

K 

K 

0 

39 

300 

39 

300 

10 

48 

368 

1.93  + 0.20 

40 

312 

1.05 

+ 0.10 

20 

78 

602 

2.96  + 0.19 

45 

349 

1.45 

+ 0.10 

30 

53 

06 

1.69 

+ 0.18 

40 

208 

1604 

3.97  + 0.35 

65 

502 

1.75 

+ 0.20 

50 

78 

602 

2.00 

+ 0.23 

60 

96 

744 

2.88 

+ 0.15 

70 

119 

917 

3.11 

+ 0.35 

80 

145 

1118 

3.88 

+ 0.26 

100 

208 

1604 

4.89 

± 0.32 

120 

281 

2173 

6.25 

± 0.36 

140 

359 

2775 

7.00 

+ 0.42 

160 

440 

3398 

7.35 

rs. 

• 

o 

+1 

170 

462 

3571 

8.17 

+ 0.82 

Figure  Captions 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


Photodissociation  cross  sections  for  A r^*".  The  data  given 
by  Vanderhoff  (Ref.  7)  and  the  theoretical  results  given 
by  Stevens  et  al.  (Ref.  2),  Wadt  et  al.  (Ref.  9),  and 
Moseley  et  al.  (Ref.  10)  are  shown. 


Photodissociation  cross  sections  for  Kr2+.  The  data  given 
by  Vanderhoff  (Ref.  7)  and  the  theoretical  results  given 
by  itbouaf  et  al.  (Ref.  6)  and  Wadt  et  al.  (Ref.  9)  are 
shown. 

Photodissociation  cross  sections  for  Xe2+.  The  data  given 
by  Vanderhoff  (Ref.  7)  and  the  theoretical  results  given  by 
Wadt  et  al.  (Ref.  9)  are  shown. 

The  dependence  of  the  photodissociation  cross  sections 

on  the  vibrational  and  the  effective  kinetic  temperatures. 
Ar^*  was  photodissociated  at  4131  £.  The  vibrational 
temperature  dependence  was  adopted  from  the  calculations 
of  Stevens  et  al.  (Ref.  2)  and  normalized  to  the  present 
measurement  at  300  K. 


APPENDIX  E 


Photodissociation  spectroscopy  of  03~a) 

P.  C.  Cosby,  J.  T.  Moseley,  J.  R.  Peterson,  and  J.  H.  Ling 

Molecular  Physics  Laboratory.  SRI  International  Menlo  Park.  California  94025 
(Recaved  17  February  1978) 

The  photodiuocianoa  croee  section  of  gee-pheee  Of  hee  been  meeiund  asin|  e tunable  dye  laser  over  a 
wavelength  range  of  6400-5080  A.  The  cross  section  exhibits  considerable  structure  which  is  consistent 
with  dissociation  from  vibrauonai  levels  of  a quasibound  excited  electronic  state.  Analysis  of  the  structure 
indicates  progressions  in  two  vibrauonai  inodes  of  the  excited  state.  Phocodissociation  spectra  of  ions 
prepared  in  both  excited  and  ground  vibrational  levels  also  yields  two  vibrational  frequencies  for  the 
ground  AT ’A,  sum  and  an  apparent  rate  coefficient  for  vibrauonai  relaxation  in  O..  The  molecular 
constants  determined  here  for  the  two  Of  electronic  states  are  compared  with  those  obtained  from 
absorption  spectra  of  the  ion  in  other  media.  Identification  of  the  dissociating  sum  is  disguised 


I.  INTRODUCTION 

The  OJ  ion  is  an  important  intermediate  in  current 
D- region  negative  ion  reaction  schemes  of  the  iono- 
sphere.1 This  ion  also  represents  a relatively  simple 
triatomic  system  for  which  detailed  calculations2"*  of 
its  elsctronlc  structure  are  becoming  feasible.  The  O,* 
ion  has  been  studied  in  ozonide*  and  chlorate7,1  crystals, 
in  liquid  ammonia  solution,  4,4,1#  and  isolated  in  rare 
gas  matrices. ll"14  From  these  resonance  Raman,  in- 
frared, and  visible  absorption  spectra  a number  of  mo- 
lecular constants  have  been  measured  for  the  ion  in 
these  environments. 

The  formation  and  reactions  of  Oi  in  the  gas  phase 
have  been  studied  by  a number  of  investigators  using 
drift  tube, 14,17  flowing  afterglow, “•l*  and  be  am 20-15 
techniques.  The  photodetachment  cross  section  of  this 
Ion  has  been  measured24  and  the  electron  affinity  of  O, 
obtained  both  from  these  data  and  from  Ion-molecule 
reaction1* •“"**  studies.  We  have  previously  rsported*4,2* 
the  total  photodestruction  cross  section  of  OJ  between 
6400  and  4970  A and  have  observe d photodissociation  of 
the  ion  in  this  wavelength  region.  It  was  suggested  there 
that  the  structure  in  the  cross  section  reflected  absorp- 
tion Into  levels  of  an  excited  elsctronlc  stats  of  Oj  which 
U predissociated.  The  purpose  of  the  present  paper  is 
to  present  an  analysis  of  the  O;  photodestruction  cross 
section  and  to  attempt  to  characterize  the  states  of  OJ 
relevant  to  the  dissociation  process. 

II.  EXPERIMENTAL 

The  experiments  were  performed  using  a drift  tube 
mass  spectrometer- tunable  dye  laser  apparatus  which 
has  been  previously27  described.  O'  ions  are  produced 
in  the  ion  source  by  dissociative  electron  attachment24 
of  Oj.  These  ions  enter  the  drift  region  which  contains 
O)  at  a pressure  of  0. 3-0.4  torr  and  move  down  the 
drift  tube  under  the  influence  of  a weak  applied  electric 
field.  The  ratio  of  the  electric  field  strength  to  0|  gas 
density  (£AV)  was  malntalnsd  at  5 Td(l  Td-10'17  Vcm4) 
so  that  the  directed  drift  velocity  was  less  than  one- 
ttnth  the  mean  thermal  speed  of  the  ions  and  molecules 
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at  300  ‘K.  While  drifting,  the  O*  ions  produce  OJ  via 
the  three-body  reaction14,17: 

0'-20,-05-0,.  (1) 

The  drift  region  is  terminated  by  an  end  plate  contain- 
ing a 1-mm  diameter  extraction  aperture.  Ions  passing 
through  this  aperture  enter  a high  vacuum  region  where 
they  are  mass  selected  by  a quadrupole  mass  spectrom- 
eter and  detected  indivudually  by  an  electron  multiplier. 

Just  prior  to  entering  the  extraction  aperture  the  ion 
swarm  intersects  the  cavity  of  the  tunable  dye  laser . 

The  photon  beam  has  a diameter  of  approximately  2 mm 
and  its  axis  is  positioned  within  2 mm  of  the  extraction 
aperture.  The  total  photodestruction  cross  section  of 
an  ion  Is  measured  by  chopping  the  laser  at  100  Hz,  tun- 
ing the  mass  spectrometer  to  the  appropriate  mass,  and 
counting  the  number  of  ions  arriving  at  the  detector  dur- 
ing the  alternate  periods  which  the  laser  is  on  and  off. 
Photofragment  ions  resulting  from  a photodissociation 
can  also  be  identified. 

The  distance  from  the  ton  source  to  the  laser  inter- 
action region  can  be  varied  over  a range  of  2. 5-50. 8 
cm.  Thus  both  ths  ratio  of  0*  0"  ions  arriving  at  the 
laser  and  the  number  of  “thermalizlng”  collisions  the 
ions  undergo  prior  to  photon  interaction  can  be  varied 
over  a wide  range. 

The  dye  laser  used  in  this  experiment  is  a commer- 
cial “jet-stream"  model  pumped  by  a 16  W argon  ton 
laser.  The  laser  had  a llnewtdth  of  approximately  0.4 
A (FWHM)  and  its  wavelength  was  set  relative  to  a cal- 
ibrated monochromator  to  a precision  of  0. 5 A and  an 
absolute  accuracy  of  * 1 A . 

All  reported  cross  sections  were  measured  relative 
to  the  O'  photodetachment  data  of  Branscomb.  Smith. 
andTlsone.4*  However,  photodissociation  of  Oj  to  pro- 
duce O*  occurs24  in  ths  wivelsngth  range  reported  here. 
In  order  to  avoid  the  error14  introduced  into  the  apparent 
O*  photodetachment  cross  section  by  the  photofragment 
O*  lone,  the  0,‘  cross  section  is  msasured  relative  to 
the  O,'  photodetachment  cross  section.  The  cross  stc- 
tlon  for  Of  has  been  measured14  at  lower  pressures,  in 
the  absence  of  OJ,  relative  to  that  of  O*.  At  photon  en- 
ergise less  than  approximately  2. 1 eV,  the  production 
of  photofragment  O*  becomes  Immeasurably  small  and 
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identical  Of  photodestruction  cross  sections  are  obtained 
relative  to  either  the  O*  or  O f cross  sections. 

III.  PHOTOOISSOCIATION  SPECTRUM 

The  total  photodestructton  cross  section  of  Of  is  shown 
in  Fig.  1 as  a function  of  photon  energy.  These  data 
were  obtained  at  a drift  distance  of  30  5 cm  in  0. 3 torr 
of  Oj  gas.  The  absolute  error  in  the  cross  section  scale 
is  * 12%  which  includes  the  uncertainties  in  the  0*  and 
O f cross  sections  and  in  the  relative  mobilities30  of  Of 
and  Of.  The  error  bars  in  this  figure  are  the  statistical 
(counting)  errors  for  Of  and  Oj  at  each  photon  energy. 

An  additional  source31  of  error  must  be  considered  for 
the  data  at  photon  energies  less  than  -2.08  eV.  Since 
a small  Quantity  of  unreacted  O*  ions  are  present  in  the 
laser  interaction  region,  the  destruction  of  a fraction 
of  these  ions  by  photodetachment  will  produce  an  iden- 
tical loss  of  these  Of  ions,  which  would  have  been  pro- 
duced in  this  region  via  Reaction  (1)  had  the  O*  ions  not 
been  photodetached.  The  effect  of  this  small  loss  be- 
comes increasingly  significant  as  die  Of  photodestruc- 
tion cross  section  decreases.  At  the  lowest  photon  en- 
ergy shown,  this  0*  loss  is  equivalent  to  an  apparent 
Of  photodestruction  cross  section  cf  1.6x10'*°  cm*. 

The  photodestruction  cross  section  has  been  corrected 
for  this  effect  and  the  error  bars  in  Fig.  1 reflect  the 
uncertainties  in  the  correction  procedure. 

The  Of  photodestruction  cross  section  was  measured 
at  a number  of  laser  powers  ranging  from  10  to  190  W. 

In  this  range,  the  data  of  Fig.  1 were  independent  of 
photon  flux,  thus  establishing  that  the  photodestruction 
process  occurs  via  single  photon  absorptions.  Two  pho- 
todestruction  processes  are  energetically  possible  for 
ground  state  Of  ions  at  photon  energies  above  1.9  eV: 

Of  ♦to'  — 0"*0,,  (2) 


and 

Of  + to'-Oj^e'.  (3) 

We  observe  photofragment  O'  ions  in  sufficient  quantities 
to  account  for  89  * 15%  of  the  Of  photodestruction  at  pho- 
ton energies  above  2.1  eV.  Thus  Reaction  (2)  dominates 
the  photodestruction  spectrum  at  photon  energies  greater 
than  this  value.  Below  2.1  eV  the  total  photodestruction 
cross  section  becomes  sufficiently  small  that  the  detec  - 
tion of  photofragment  O'  is  difficult  because  changes  in 
the  O*  current  are  dominated  by  either  the  loss  of  source 
produced  O'  through  photodetachment,  or  by  the  produc- 
tion of  photofragment  O'  from  trace  quantities  of  COf 
ions.  However,  Wong,  Vorburger,  and  Woo**  have  re- 
ported a cross  section  for  Reaction  (3)  which  varies 
smoothly  from  3. 1 * 3. 2.x  10*ls  cm*to  5.  3 a2.  6x  10'1*  cnr 
at  photon  energies  between  2.0  and  2.4  eV.  Consequently, 
the  contribution  of  Reaction  (3)  to  the  total  destruction 
in  this  region  is  negligible  and  the  data  shown  in  Fig.  1 
can  be  considered  the  Of  photodissociation  spectrum. 

The  photodissociation  cross  section  in  Fig.  1 consists 
of  a series  of  broad  maxima,  each  of  which  contains 
three  or  more  narrower  components.  In  order  to  iden- 
tify that  structure  due  to  absorptions  into  the  dissociat- 
ing state  of  Of,  and  that  due  to  the  effects  of  vibrational- 
ly  excited  levels  of  the  Of  ground  electronic  state,  which 
may  be  populated  in  newly  formed  ions,  the  cross  sec- 
tion was  measured  at  various  drift  distances  ranging 
from  5 to  45.7  cm.  At  the  shortest  drift  distance,  most 
Of  ions  have  undergone  only  a few  collisions  prior  to  the 
photon  interaction  and,  in  fact,  almost  4%  of  the  photo- 
dissociated  Of  ions  are  produced  via  Reaction  (1)  within 
the  laser  interaction  region.  At  the  longest  drift  dis- 
tance, the  Of  ions  have  undergone  an  average  of  several 
thousand  collisions  and  essentially  no  nascent  ions  are 
present  in  the  laser  interaction  region.  The  Of  photo- 


WAVtUNQTH  lAl 

U)0  WOO  9300 


r 


0‘  ■ ■ ■ ; - ■ — ■ - ■ 

3.0  3.1  13  3.1  3.4 

4M0T0N  INCM3V  l*V> 


FIG.  1.  Tout  photodestructton 
cross  section  of  Of  as  a func- 
tion of  photon  energy.  The  pre- 
dominant process  observed  is 
photodissociation  into  O'-O.. 
The  ordinate  has  been  expanded 
by  a factor  of  five  for  the  data 
in  tfae  wavelength  range  of 
3200-3700  A. 
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FIG.  2.  Drift  distance  dependence  of  the  Oj  photodestruction 
cross  section  at  five  wavelengths. 


The  wavelength  dependence  of  the  Oj  photodestruction 
cross  section  in  the  region  of  2 eV  is  given  by  the  upper 
and  lower  curves  in  Fig.  3 for  drift  distances  of  10.  3 
and  30.  S cm,  respectively.  It  is  seen  that  the  cross 
section  for  the  less  relaxed  Oj  ions  is  larger  and  ex- 
hibits structure  not  apparent  in  the  cross  section  for 
ions  having  undergone  more  thermalizing  collisions. 

We  therefore. conclude  that,  in  general,  features  at  pho- 
ton energies  less  than  approximately  2. 13  eV  in  the  pho- 
todestruction spectrum  of  Fig.  1 are  attributable  to  ex- 
cited levels  of  the  Oj  ground  electronic  state  whereas 
structure  appearing  at  higher  photon  energies  character- 
izes an  excited  electronic  state  of  Oj  which  dissociates. 

IV.  VIBRATIONAL  ASSIGNMENTS 

Recent  configuration  interaction  calculations*'*'’  of 
Oj  predict  a *St  ground  state  of  C,»  symmetry  with  a 
bond  distance  of  1.27-1.41  A and  bond  angle  of  113- 
116.8°.  Three  excited  states**’  are  found  within  4 eV 
of  the  ground  state.  However,  dipole  transitions  from 
XlB,  are  allowed  only  to  two  of  these  states,  the  *At  and 
*«4j.  Both  the  *At  and  *A,  are  predicted’  to  have  some- 
what larger  equilibrium  bond  distances  than  X !B,  and 
the  equilibrium  bond  angles  differ  from  that  of  the  ground 
state  by  approximately  - 10  ° and  - 10  1 . Thus,  optical 
absorptions  to  either  of  these  states  from  the  ground 
state  would  be  expected  to  produce  progressions  m both 
the  symmetric  stretch  and  bending  modes  of  die  upper 
state.  Transitions  to  the  asymmetric  stretch  would  be 
expected  to  be  weak,  but  might  be  observable. 


destruction  cross  section  was  found  to  be  independent 
of  drift  distance  for  photon  energies  greater  than  2.  IS 
eV.  At  lower  photon  energies,  however,  a drift  distance 
dependence  was  observed.  Figure  2 presents  these 
drift  distance  results  at  five  wavelengths.  As  can  be 
seen  from  this  figure,  the  cross  section  becomes  in- 
creasingly dependent  on  drift  distance  as  the  photon  en- 
ergy is  decreased.  The  cross  section  is  largest  at 
short  drift  distances,  where  the  fraction  at  nascent  Oj 
in  the  photon  interaction  region  is  expected  to  be  great- 
est, and  decreases  in  an  exponential  manner  as  the  num- 
ber of  thermalizing  collisions  is  increased.  By  sub- 
tracting the  asymptotic  value  of  the  cross  section  at 
each  wavelength,  an  approximate  binary  "relaxation 
rate”**  for  the  reaction 

Oj*  * Oj  — Oj  + 0| 
is  found  to  be  10*M  cm1  sec*1. 

This  behavior  suggests  that  the  Oj  ions  are  produced 
in  Reaction  (1)  with  a significant  amount  of  internal  en- 
ergy. An  analogous  case  for  the  O,  molecule  has  been 
reported.  In  observing  infrared  emission  from  nascent 
Oj  formed  by  the  reaction 

0-20,-0,-Oj. 

von  Rosenberg  and  Trainor”  found  30%-50%  of  the  1.03 
eV  exotherm i city  of  this  reaction  [c.f . - 1. 6 eV  for  Re- 
action (1)]  goes  into  vibrational  modes  of  the  Oj  mole- 
cule. Further,  these  modes  are  relaxed  by  Oj  with  a 
rate  coefficient33  ~3’  of  approximately  2x  10*14  cm1  sec*1. 
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FIG.  3.  Total  pbocodestrucQon  cross  section  of  Oj  as  a func- 
tion of  photon  energy.  The  upper  and  lower  sets  of  data  were 
obtained  at  drift  distances  of  10.  2 and  30.5  cm.  respectively 
For  clarity,  the  upper  data  hava  been  displaced  along  ths  ordi- 
nate by  a factor  of  2.  Transitions  (10  — OeM  and  11  — Ov'.i 
arising  from  exoitsd  stretching  modes  of  the  x:B,  state  which 
are  expected  from  assignments  I and  H are  given  by  ’.he  lines 
In  the  upper  and  lower  halves  of  the  figure.  Qualifications  re- 
garding these  assignments  ere  given  in  the  text. 
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Tha  visible  absorption  spectrum  o f QJ  has  been  men* 
eared  (or  various  alkali  metal  ozo aides  dissolved  la 
liquid  ammonia'’10  or  isolated  in  rare  gas  ms  trices.  “•l* 
It  has  also  been  measured  in  irradiated  single  c rye  tala 
of  alkali  metal  chlorates. ' In  each  case  a series  a f par- 
tially resolved  maxima  are  observed  extending  from 
2. 2 to  3.5  eV  which  are  separated  bjr  800-000  cm'1. 
These  spectra  have  been  interpreted  as  absorptions 
from  the  ground  electronic  state  of  OJ  to  vibrational  lev- 
els of  an  excited  OJ  electronic  state.  The  energy  of  the 
transition  between  the  lowest  levels  of  the  ground  and 
excited  electronic  states  was  dependent  on  the  environ- 
ments in  which  the  measurements  were  made,  but  tie 
within  the  range  of  2. 15-2.29  eV. 

The  widths  of  the  maxima  and  their  energy  s pacings 
are  comparable  for  both  the  absorption  spectra  and  the 
photodissociation  spectrum.  Also,  the  thresholds  for 
these  spectra  occur  in  roughly  the  same  photon  energy 
regions.  It  thertfore  appears  reasonable  that  both  spec- 
tra represent  transitions  from  the  *5,  ground  of  OJ  to 
vibrational  levels  in  either  the  'A,  or  'A,  excited  states. 


todissociatlon  cross  section  measured  at  10  cm  drift 
distance  (Fig.  3).  The  structure  appearing  in  the  re- 
gion of  2.05  eV  is  either  790  or  928  cm'1  below  the  ori- 
gin of  the  excited  electronic  state,  depending  on  which 
of  the  two  sets  of  assignments  for  the  state  are  chosen. 
Further,  relative  to  this  peak,  a second  peak  appears 
approximately  400  cm'1  lower  in  photon  energy.  It  is 
therefore  likely  that  these  two  peaks  represent  transi- 
tions from  an  excited  stretching  mode  of  the  sate. 
We  assume  this  mode  is  the  symmetric  stretch  mode 
v*  since  the  magnitude  of  the  energy  more  closely  ap- 
proximates the  energy  (964  cm'1)  of  this  mode5*  in  CIO, 
rather  than  that  of  w,  (1133  cm*1). 

The  two  sets  of  assignments  are  shown  in  Figs.  3 and 
4.  In  these  figures,  the  proposed  transitions  are  la- 
beled by  pairs  of  integers,  the  first  number  of  which 
represents  the  quantum  number  at  the  stretching  mode 
while  the  second  number  gives  the  bending  mode  quan- 
tum number.  Due  to  the  diffuse  nature  of  the  spectrum, 
the  uncertainty  in  the  vibrational  s pacings  in  each  set 
is  ±20  cm*1. 


The  broad  maxima  in  the  photodisaociation  spectrum 
are  spaced  by  roughly  800  cm'1,  which  is  comparable 
to  the  energy  of  vibrational  stretching  modes  of  other 
triatomics.  The  smaller  components  of  these  maxima, 
however,  are  spaced  at  irregular  intervals  of  order  150 
cm*1,  which  is  unusually  small.  The  bending  mode  in 
the  *At  stats5*  of  the  isoelectronic  molecule  CIO,,  (or 
example,  is  296.3  cm*1.  Thus,  in  order  to  assign  the 
structure  in  the  photodissociation  spectrum  to  specific 
levels  of  the  excited  electronic  state,  we  search  for 
progressions  in  two  or  more  vibrational  modes  of  this 
state. 

Choosing  one  of  the  three  major  components  of  the 
first  maxima,  we  searched  for  progressions  in  either 
stretching  or  bending  modes  having  energies  in  the 
range  of  700-1400  and  200-600  cm*1.  Two  sets  of  as- 
signments were  found  which  provided  reasonable  fits  to 
the  structure.  One  set  (I)  had  an  origin  at  2. 146  eV 
with  vibrational  spacings  of  855  and  290  cm*1.  The  sec- 
ond set  (II)  had  an  origin  at  2. 163  eV  with  vibrational 
spacings  of  794  and  282  cm'1.  We  assume  that  the  larg- 
er and  smaller  energy  spacings  correspond  to  progres- 
sions in  oi,  and  t*>l,  respectively.  Neither  of  these  sets 
of  assignments,  however,  could  adequately  explain  all 
of  the  structure  observed  in  the  spectrum.  A third  en- 
ergy spacing  403  cm'1  for  set  n and  419  cm*1  for  set  I 
also  appears  in  the  spectrum.  Since  the  magnitude  of 
this  spacing  is  more  consistent  with  the  energy  of  a 
bending  mode  of  the  ion,  we  rule  out  assigning  these 
peaks  to  a progression  in  the  upper  state  asymmetric 
stretch  mode.  It  is  much  more  likely  that  these  peaks 
arise  from  transitions  to  the  excited  electronic  state 
from  the  excited  bending  mode  (ui,*)  of  the  0;(X*5t) 
ground  state.  In  Boltzmann  equilibrium  at  300  *K,  ap- 
proximately 12%  of  the  molecules  will  be  in  the  first 
excited  v,  mode  ct  the  ground  electronic  state.  Thus, 
absorptions  arising  from  this  mode  contribute  to  the  ob- 
served structure. 

An  additional  assignment  may  be  mads  from  the  pho- 


Both  sets  of  assignments  predict  similar  vibrational 
frequencies  tor  the  upper  state  and  tor  the  bending  mode 
of  the  lower  state.  The  two  sets  differ  primarily  in  the 
choice  of  origin  tor  the  upper  state  and.  consequently, 
in  the  frequency  of  the  lower  state  stretching  mode.  As- 
signment set  □ (the  lower  set  in  Fig.  4)  shows  an  ex- 
tended progression  in  the  upper  state  stretching  mode 
for  which  little  or  no  anharmonicity  is  observed.  This 
is  consistent  with  the  large  difference  in  stretching  fre- 
quencies tound  for  the  two  electronic  states  and  with  the 
small  anharmonicity  observed15  in  the  matrix  absorption 
spectra.  Transitions  originating  from  the  first  excited 
level  of  the  ground  state  bending  mode  comprise  a sig- 
nificant. protlon  of  the  spectrum  at  low  quantum  num- 
bers, but  their  intensities  appear  to  decrease  with  in- 
creasing photon  energy.  Such  a behavior  is  important 
if  the  room  tempeature  photodissociation  spectrum  is 
truly  comparable  to  matrix  absorption  spectra  obtained 
at  temperatures  of  less  than  22  °K. 

The  primary  disadvantage  of  assignment  set  a is  that 
it  fails  to  account  for  the  two  small  humps  at  2.096  and 
2. 130  eV  which  occur  on  the  low  energy  side  of  the  first 
peak  in  Fig.  4.  Although  it  is  possible  these  features 
could  arise  from  transitions  out  of  an  excited  stretching 
mode  of  the  ground  state  (Fig.  3),  the  population  of  such 
a level  would  be  relatively  small  at  300  ° K and  the 
strength  of  these  features  does  not  appear  to  change  with 
drift  tube  conditions.  Assignment  set  I fully  accounts 
for  these  features  as  transitions  from  the  first  excited 
bending  mode  of  the  lower  state.  Further,  set  I assigns 
the  most  prominent  feature  in  the  region  of  2. 15  eV  to 
the  origin  of  the  upper  state.  This  set  of  assignments, 
however,  requires  an  anharmonicity  of  approximately 
15  cm'1  in  the  upper  state  stretching  frequency  to  obtain 
a fit  of  the  observed  structure.  Moreover,  the  inten- 
sities of  transitions  originating  from  the  excited  lower 
state  bending  mode  appear  to  increase  with  increasing 
photon  energy.  In  contrast  to  set  O,  neither  of  these 
characteristics  of  sot  I would  appear  to  be  consistent 
with  the  matrix  absorption  spectra. 
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FIG.  4.  Photodestructioa  cross 
section  of  Ot  as  a function  of 
photon  energy  showing  thn  as- 
signment of  transitions  to  two 
vibrational  modes  of  the  dis- 
sociating electronic  SUM. 
Transitions  arise  from  both  the 
ground  vibrational  levels 
( 00  — v\  »t>  and  from  the  first 
excited  bending  mode  101  — trf  pti 
of  the  X !U,  sum.  Asstgnmenu 
made  from  frequency  set  I are 
shown  In  the  upper  part  of  the 
figure  while  those  from  set  U 
are  in  the  lower  part.  Qual- 
ifications regarding  these  as- 
stgnmenu are  given  in  the  Max. 
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The  broad  widths  of  the  peaks  and  the  limited  energy 
range  over  which  the  photodissociation  spectrum  has 
been  measured  with  the  dye  laser  do  not  presently  allow 
a clear  distinction  between  the  two  assignment  sets,  nor 
is  it  certain  that  either  of  these  assignments  is  precise- 
ly correct.  It  seems  certain,  however,  that  excited 
state  vibrational  frequencies  near  800  and  300  cm*1  are 
required  to  explain  the  observed  structure.  The  low 
quantum  numbers  for  the  transitions  also  limit  the  use- 
fulness of  isotopic  substitution  in  verifying  the  assign- 
ments. The  photodlssoclatlon  spectrum  of  l,OJ  (18-  IS- 
IS) was  briefly  measured  over  the  energy  range  of  2.  10- 
2. 34  eV.  General  shifts  of  the  broad  maxima  in  the 


regions  of  2.15  and  2.  25  eV  by  Ox  15  cm'1  and  - 32 
* 15  cm'1  were  observed  and  are  consistent  with  either 
set  of  assignments  Unfortunately,  the  quantity  of  l'Q, 
gas  available  was  insufficient  to  measure  the  cross  sec- 
tions to  the  precision  required  for  detecting  the  small 
shifts  expected  for  the  individual  transitions  in  this  re- 
gion. Thus,  in  order  to  better  determine  the  vibration- 
al assignments,  extension  of  the  dye  laser  measure- 
ments to  2.8  eV  are  planned. 

The  two  sets  of  values  for  the  vibrational  energies 
of  the  O,'  ground  and  excited  states  and  for  the  origin 
of  the  excited  state  which  were  determined  from  the 


TABLE  l.  Summary  of  Oj  molecular  constanM. 


Ground  sum 
.V«9, 

Excited  state 
(!v4,.  '-A.J 

Source 

<*>$' 

r,(*vi 

This  workVIl 

790  * 50 

419*20 

353*20 

290  * 20 

2.146 

(ID 

923*50 

403  * 20 

794  * 20 

282*20 

2.163 

Matrix* 

334-  903 

-300 

2.133-2.254 

Matrix” 

302.0 

313 

Matrix” 

1012.1026 

Matrix* 

553.6-613.6 

786.7-314.3 

Crystal* 

1016-1029 

357 

Liquid 

ammonia* 

-820 

-400 

-2.19 

CIO," 

963.5 

722.4 

296.3  730.1 

^2^6057^_ 

*Quaiificatiooa  regarding  the  choice  of  axitgnmenta  { 'Reference  13. 

and  H are  discussed  in  the  Mxt.  ‘References  7 and  3. 

‘Reference  15.  *Rafereace  10. 

’Reference*  11  and  12.  ‘Reference  38. 

'‘Reference  14. 
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photodissociation  spectrum  are  summarizad  in  Table  I. 
The  values  for  the  excited  state  constants  obtained  from 
the  previously  mentioned  visible  absorption  measure- 
ments are  also  listed,  together  with  the  ground  state 
constants  reported  from  infrared  and  resonance  Raman 
spectra.  Also  shown  in  this  table  are  the  constants  tor 
the  CIO,  molecule,  which  is  isoelectronic  with  the  Oj 
ion. 

The  most  serious  disagreement  between  the  gas  phase 
data  and  those  of  other  media  occurs  tor  the  ground 
state  energy  levels.  It  is  possible  our  assignment  of 
w,"  could  be  in  error,  since  it  was  not  made  on  the  basis 
of  an  extended  progression.  Further,  the  uncertainty  tn 
this  spacing  is  *50  cm*1,  due  to  the  diffuseness  of  the 
single  peak  near  2. 05  eV  on  which  this  assignment  de- 
pends. The  agreement  between  these  data  could  also  be 
improved  if  the  gas  phase  data  were  attributed  to  the 
asymmetric  stretch  mode.  It  is  unlikely,  however,  that 
our  value  for  wl'  Is  more  uncertain  than  our  values  for 
jii  and  since  it  is  supported  by  a number  of  peaks  in 
the  photodissociation  spectrum.  Further,  this  value  for 
the  bending  mode  is  more  consistent  with  the  energy 
levels  of  CIO;,  which  were  also  obtained  from  gas-phase 
spectra.  Undoubtedly  the  greatest  cause  for  disagree- 
ment among  the  various  spectra  arises  from  the  weak 
bonding13, 15  between  Oj  and  the  cation  in  rare  gas  ma- 
trices as  well  as  interaction  with  the  atoms  of  the  ma- 
trix. Such  perturbations  of  OJ  can  be  even  more  serious 
in  a crystal  environment. 

V.  IDENTIFICATION  OF  THE  EXCITEO  STATE 

One  important  characteristic  of  th e OJ  photodissoeu- 
tlon  spectrum  is  that  dissociation  of  the  upper  electronic 
state  takes  place  from  the  lowest  energy  levels  of  that 
state  and  continues  to  occur  over  a photon  energy  range 
of  at  least  0. 55  eV.  Secondly,  the  degree  of  dlffuseness 
in  the  spectral  features  does  not  noticeably  vary  with 
the  vibrational  level  of  the  upper  state.  This  also  ap- 
pears to  be  true  of  the  absorption  spectrum1*  over  a pho- 
ton energy  range  of  1. 3 eV.  A third  characteristic  is 
that  no  evidence  is  found  for  absorption  into  the  asym- 
metric stretch  mode  of  the  upper  state.  Finally,  it  ap- 
pears that  nearly  every  absorption  into  the  excited  state 
results  in  a dissociation.  For  example,  a molar  ex- 
tinction coefficient  of  2050  l AT1  cm*1  at  4570  A has  been 
reported10  for  KO,  dissolved  in  liquid  NH,.  This  coef- 
ficient, which  is  equivalent  to  an  absorption  cross  sec- 
tion of  3.4*  I0*u  cm:,  compares  favorably  to  the  Oj  pho- 
todlssociatlon  cross  section3*  of  4. 9x  lO’1*  cm3  at  this 
wavelength.  In  fact,  agreement  between  these  measure- 
ments is  likely  to  be  much  closer  when  one  considers 
the  absorption  and  photodissociation  cross  sections  are 
rapidly  varying  functions  of  wavelength  in  this  region 
and  that  the  NH,  solution  absorption  spectrum  is  shifted 
“ 100  A to  the  blue  of  the  gas  phase  photodissoclatton 
spectrum. 

All  of  these  characteristics  are  consistent  with  a 
direct  dissociation  process,  such  as  that  recently  pro- 
posed by  Pack, n occurring  in  the  upper  electronic  state. 
In  Pack’s  treatment,  the  potential  surface  of  the  dis- 
sociating state  is  considered  bound  along  its  symmetric 


stretch  and  bending  coordinates,  but  simply  dissociative 
along  the  asymmetric  stretch  coordinate.  For  vertical 
transitions  from  the  bound  ground  state,  the  dissocia- 
tion (absorption)  cross  section  is  proportional  to  prod- 
ucts of  the  Franck- Condon  factors  for  the  bound  wave- 
functions  of  the  symmetric  stretch  and  bending  modes 
of  the  lower  and  upper  sates,  and  the  bound  and  con- 
tinuum wavefunctions  of  the  asymmetric  stretch  modes 
in  these  sates.  Thus,  in  contrast  to  the  continuous 
spectrum  previously  expected30  for  direct  dissociation 
from  such  a surface,  the  wavelength  dependence  of  the 
dissociation  cross  section  will  exhibit  broad  peaks  at 
wavelengths  corresponding  to  absorption  into  the  bound 
(symmetric  stretch  and  bending)  modes  of  the  upper 
sate.  The  widths  of  the  peaks  in  the  spectrum  are  in- 
fluenced by  the  shape  of  the  saddle  point  along  the  asym- 
metric stretch  coordinate  of  the  upper  surface,  which 
governs  the  lifetime  of  the  upper  sate  with  respect  to 
dissociation. 

The  identification  of  the  dissociating  OJ  sate  is  un- 
cerain.  Theoretical  calculations1, * have  predicted  two 
low-lying  excited  sates.  lM,  and  l*A„  to  which  dipole- 
allowed  transitions  are  possible  from  the  ground  X lB, 
sate.  The  1 \4.  - X 3fl,  transition  occurs  at  the  lower 
photon  energy,  but  previous  investigations1*'1*  have  at- 
tributed the  visible  absorption  band  to  1*A,-Jf  *Bt.  The 
basis  (or  this  assignment  has  been  that  the  1 *A,  - X *5, 
transition  has  been  ovserved30  in  CIO,  with  a threshold 
at  2.606  eV.  Such. an  analogy  has  limiatlons,  however, 
since  the  spectrum  of  the  1 *A,  - X 2fl,  transition  in  CIO, 
is  not  diffuse, 30  even  though  the  entire  spectrum  appears 
at  photon  energies  above  the  dissociation  energy30  of  the 
ground  sate  (2.50  eV). 

An  unambiguous  assignment  of  the  dissociating  state 
could  be  obtained  from  a measurement  of  the  angular 
distribution  of  O*  photofragments.  For  the  case  of  *A, 

- *3,,  the  O'  distribution  would  be  Isotropic  in  the  plane 
perpendicular  to  the  direction  of  laser  polarization, 
whereas  the  distribution  of  fragments  from 
would  have  more  parallel  character.  An  angular  dis- 
tribution measurement  would  also  provide  a check  on 
the  direct  dissociation  model  by  probing  the  lifetime  of 
the  dissociating  state. 10  in  contrast  to  the  case41  of 
COj,  such  a distribution  cannot  be  obtained  for  Oj  In 
the  drift  tube  apparatus.  The  numerous  collisions, 
caused  by  the  much  higher  neutral  gas  densities  re- 
quired for  Oj  formation,  would  randomize  the  initial 
angular  distribution  of  O*  photofragments  prior  to  their 
detection.  Consequently,  this  question  must  be  investi- 
gated In  the  future  using  a beam11  apparatus. 

VI.  BONO  ENERGY 

Since  photodissociation  is  obssrved  from  the  lowest 
level  of  the  OJ  excited  sate,  die  thresholds  of  2. 146  or 
2. 163  eV  reported  here  provide  only  an  upper  limit  to 
the  dlssocatlon  energy  0,(O,-O*)  of  the  OJl.Y  3S, ) state. 
The  actual  dlssocatlon  energy  could,  in  principle,  be 
obained  from  a measurement  of  the  kinetic  energy  of 
the  O'  photafragments  and  a knowledge  of  the  internal 
energy  of  the  corresponding  O,  product.  In  the  absence 
of  these  more  direct  daa.  0,,0,-0''  can  be  related  to 
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tha  dissociation  energy  of  O,  and  the  alactron  affinities 
of  O and  Oj  by  tha  agnation: 

0, 10,-0')  ■ £4(0,) -0„IO,-O)-  £4(0).  (4) 

Tha  threshold  for  OJ  photodatachmant  has  been  mea- 
sured14 to  bn  1.  99  * 0. 1 aV.  This  valua  represents  an 
appar  limit  to  £4(0))  since  tha  Franck- Condon  (actors 
for  tha  0i{X2Ai)~0]lJClBx)  transition  are  not  sufficiently 
well  known  to  insure  tha  product  neutral  is  not  produced 
with  internal  energy  at  tha  photodatachmant  threshold. 
The  electron  affinity  has  also  baan  deduced  from  the 
kinetic  energy  thresholds  (or  OJ  formation  in  reactions 
of  various  species  with  03.  Tha  reactants  used  in  these 
studies  ware  ID*1  2 1.96  aV;  (Cs),a  2. 14*0. 15  aV; 

(F*.  Br\  Cl',  T.  COJ), u 2. 13*0. 13  *V;  and  (OH*).  “ 
s 1. 8234  aV.  Provided  tha  O)  molecule  does  not  have 
significant  internal  energy  at  tha  time  of  reaction,  these 
measurements  represent  lower  limits  to  £4(0)),  since 
the  product  OJ  ion  may  be  formed  with  internal  energy. 
Combining  the  photodatachmant  and  reaction  values,  tha 
electron  affinity  of  O)  is  determined  to  be  2.08*0.08 
aV.  This  value  is  also  consistent  with  those  obtained 
by  a theoretical  calculation1  and  crystallographic  stud- 
ies.41 

Using  the  above  value  (or  £4(0))  and  the  recommend- 
ed values  for  EA(O)44  and  0(Oj-O>4'  of  l.4623l3?  eV  and 
1.05*0.02  a V.  respectively,  the  dissociation  energy  of 
the  0,*(4r25,)  state  is  found  from  Eg.  (4)  to  be  1. 85 
*0  06  eV. 

It  has  been  pointed  out1’  that  if  the  above  values  are 
all  correct  within  their  stated  uncertainties,  a signifi- 
cant discrepancy  exists  regarding  either  the  dissociation 
energy  of  COJ,  0(CO,-O*),  or  of  Of  From  reaction 
rate  studies,  the  difference  in  the  dissociation  energies 
of  COJ  and  OJ  was  determined1*  to  be  nr  Itast  0.58  eV, 
while  the  photodlssociation  of  COJ  led4*  to  an  upper  limit 
of  1 . 9 eV  for  the  dissociation  energy  of  COJ.  These 
two  values  place  an  upper  limit  on  the  dissociation  en- 
ergy of  OJ  of  1.32  eV,  in  clear  disagreement  with  the 
value  of  1. 65  eV  obtained  above.  It  is  not  yet  known 
whether  one  of  the  numbers  guoted  above  is  significantly 
in  error,  or  several  of  them  are  slightly  in  error  in 
such  a way  as  to  account  for  the  0. 3 eV  discrepancy. 


VII.  SUMMARY 

The  OJ  photodestruction  cross  section  has  been  mea- 
sured over  a wavelength  range  of  6400-5080  A.  The  ton 
photodlssoclates  in  this  region  to  form  0**0,  with  a 
cross  section  that  exhibits  structure  consistent  with  dis- 
sociation from  vibrational  levels  of  an  excited  electronic 
state.  Progressions  in  the  symmetric  stretch  and  bend- 
ing modes  of  the  excited  state  are  identified  and  transi- 
tions originating  from  those  modes  in  the  X 2B,  state  are 
observed.  It  is  found  that  the  structure  in  the  cross 
section  can  be  explained  by  either  of  two  sets  of  vibra- 
tional freguendes  for  these  states.  The  assignments, 
given  In  Table  1,  fix  the  origin  of  the  excited  state  at 
either  2. 148  or  2. 1 63  eV  above  the  X lB,  state.  The 


identity  of  the  dissociating  state  is  not  experimentally 
established;  however,  recent  calculations  indicate  it  is 
either  the  1*4!  or  1*4,. 

Evidence  is  found  for  the  formation  of  vibratlonally 
excited  OJ  in  the  reaction  O*  -20j-0J-0|.  Relaxation 
of  the  excited  ion  in  Oj  is  observed  with  an  apparent 
rate  coefficient  of  10*14  cm1  sec'1. 


Sole  added  in  proof:  S.  E.  Novick,  P.  C.  Engelking, 
P.  L.  Jones,  J.  H.  Futrell,  and  W.  C.  Lineberger  (pri- 
vate communication)  have  recently  determined  frequen- 
cies of  982  *28  cm*1  for  jj{'  and  551  *36  cm*1  for  mI'. 
Their  value  for  jj"  argues  for  the  selection  of  set  H in 
this  work.  However,  their  value  for  wj'  is  substantially 
different  from  either  possibility  reported  here.  This 
difference  is  not  presently  understood. 
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APPENDIX  F 


Tht  Dissociation  Energy  of  Oi(X’£,~) 


The  currently-accepted  value  for  tht  (tissoriition  energy  of  the  ground  state  of  diatomic  oxygen 
it  D( OtXt,~)  “ 41  260  ± 15  an-1.  Thu  it  n “beet  value"  established  experimentally  by  Brix  and 
Herxberg  (I)  from  the  convergence  limits  of  two  absorption  band  systems:  the  5*3  ."(s')  — -fZ,* 
(«"  - 0)  Schumann- Runge  bands  and  the  A'l.'^s')  — X*Z,~W  m 0)  Herxberg  I bands,  is  shown 
in  the  lower  pan  (dashed  vertical  lines)  of  Fig.  1.  The  ±13  cm*1  uncertainty  arises  from  two  sources. 
First,  it  redects  the  energy  spread  between  the  ufftrmnt  •-‘-.-trved  nonpredissociating  rotational 
level  and  tht  lenerintu  obeerved  predistodating  rotational  letv.  je tween  which  the  dissociation  limit 
must  lie.  Secondly,  it  includes  the  inability  to  rule  out  possible  potential  maxima  of  a few  cm-*. 
In  this  Note,  we  show  that,  with  the  advent  of  laser  photofragment  spectroscopy,  the  dissociation 
energy  of  oxygen  can  now  be  obtained  with  at  least  comparable  uncertainty  from  a completely  inde- 
pendent spectroscopic  "cycle”  and  that  the  resulting  value  is  in  remarkable  agreement  with  Brix 
and  Herxberg's  value. 

The  solid  vertical  lines  in  Fig.  I show  that  0( OtXTZ,~)  is  part  of  a cycle  that  involves  the  4*3,' 
state  of  Oi*: 


fi(Os*6)  + T(f  - 4.  N - 9)  - 0(0*0  + £«T  *5*,)  + W(N  - 9,  «J>,).  (1) 

The  two  ionisation  potentials,  E(Ot*b)  and  £(0**£*|),  have  been  known  for  several  years.  The 
novel  feature  of  the  new  cycle  specified  by  Eq.  (1)  is  that  the  ktnrtu  energies,  W(N,  ’£/),  of  the  O-  4-  O 
fragments  from  predissociating  4*3  ."-state  rotational  levels  that  lie  above  the  0~(4S* i)  -f  0(‘Pji 
dissociation  limits  can  now  be  measured  to  approximately  ‘‘spectroscopic”  accuracy.  Since  the  poten- 
tial energies  of  these  rotational  levels,  T(t  - 4,  S £ 9),  are  cow  also  known  accurately,  the  energies 
W and  T can  be  combined  with  the  previously-known  ionization  potentials  in  Eq.  (1)  to  define  a value 
for  0( OtX).  Each  of  these  four  measurements  and  their  uncertainties  are  discussed  below. 

£(Oi*t).  The  ionisation  potential  to  the  (V4*r#-(*  - 0)  state  was  determined  by  Yoahino  and 
Tanaka  (5)  from  members  of  a Rydberg  series  from  the  Ot3C*3.-(*  - 0)  state  converging  on  tht 
first  five  vibrational  levels  of  the  Oj*4*3,'  state.  The  convergence  limits  of  the  measured  band  heads 
were  converted  to  band-origin  limits  in  the  standard  way  (J)  (head-origin  difference  $ 12  cm*1)  using 
the  rotational  constants  3«"  and  £,'  from  high-resolution  studies  of  the  OtX’S,-  (4)  and  Oi*4*Z,"  (J) 
states  available  at  the  time.  The  differences  between  the  band-origin  limits  of  the  five  members  of 
the  series  agreed  typically  within  ±1.5  cm-*  with  the  vibrational  quanta  dCV**  of  the  4*2,"  stare 
established  by  the  high-resolution  study  (5).  The  value  £«V4)  * 146  356  ±2  cm"’  quoted  by 
Yoahino  and  Tanaka  is  the  band  origin  of  the  (0,0)  band  limit.  The  comparisons  show  that 
it  has  good  support  from  the  other  four  series  members,  which  were  measured  less  well. 

We  have  checked  this  value  by  fitting  Yoshino  and  Tanaka’s  (0,0)  data  to  the  standard  Rydberg 
form  using  nonlinear  least  squares.  The  various  test  fits,  which  were  done  using  different  portions 
of  the  converging  progression,  gave  limits  that  were  all  well  within  ±2  cm*1  of  the  value  above. 
Furthermore,  we  have  verified  that  the  current-best  B,  values  (6.  7)  yield  the  same  head-to-origin 
conversion  that  was  used  by  Yoshino  and  Tanaka.  Such  a conversion  should  be  a very  accurals  one 
in  the  present  case  since  both  the  upper  and  lower  states  involved  in  this  Rydberg  series  are  3 states, 
whose  structure  therefore  closely  resembles  that  of  the  ‘3  states  on  which  the  conversion  is  baaed  (J). 
All  of  these  checks  support  Yoahino  and  Tanaka's  ±2  cm-*  estimate  of  their  possible  measurement 
and  (short)  extrapolation  errors. 
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NOTES 


Fio.  1.  Cyclic  determinations  of  the  disaodatioa  energy  of  ground  stele  diatomic  oxygen.  The 
energiea  are  exp  reseed  in  reciprocal  centimeters  and  are  not  all  to  scale.  The  underlined  numbers  in 
parentbsess  refer  to  the  references. 

T(»  m 4,  H m 9).  The  energy  levels  of  the  MZ,~  state  are  known  from  a recent  analysis  ( 7)  of  high* 
resolution  grating-spectrometer  measurements  of  the  wavelengths  of  the  Oi*4*2,“  — o*n.  First 
Negative  band  system.  The  G(e)-Dunham  coefficients  of  Table  DC.  Ref.  ( 7)  provide  the  energy 
separation  batsmen  the  rotationiesa  (N  - 0)  vibrational  levels  t - 4 and  » - 0.  The  energies  of  the 
rotational  levels  within  the  * * 4 level  are  given  by  a diagonaiisation  of  the  *2  Hamiltonian  con- 
taining the  e * 4 rotational  constants  from  Table  DC,  Ref.  17).  The  sum  of  these  vibrational  and 
rotational  energies  for  y - 9 yields  T(»  ■ 4,  iV  » 9)  - 4532.1  ± 0.5  cm**,  i.e.,  the  energy  separa- 
tion between  the  » - 4,  ,Y  - 9 and  * - 0,  .Y  “ 0 levels. 

Each  rotational  level  of  the  4*2,"  state  is  actually  a closely  spaced  set  of  four  mul  tip  lets  (7).  For 
example,  the  separation  of  the  extreme  mul  tip  let  levels  is  0.48  cm-1  for  » - 4,  <V  - 9.  The  above 
Ttt  - 4,  .Y  - 9)  value  corresponds  to  the  median  of  the  quartet  components,  since  such  small  split- 
tings are  much  smaller  than  the  limiting  measurement  error  in  the  present  study. 

The  ±0.5  cm**  uncertainty  stated  above  incorporates  three  sources  of  error:  (a)  the  statistical 
precision  (—0.05  cm-*,  one  standard  error)  predicted  from  propagation  of  enor  using  the  variance- 
covariance  matrix  (S)  associated  with  the  4*2 -state  molecular  constants,  lb)  a very  conservative 
estimate  of  how  much  the  predictive  properties  of  the  low-order  Dunham  model,  which  was  fitted 
to  data  for  0 $ 4*2,' ft)  $ 3,  could  deteriorate  in  extrapolating  one  vibrational  level  to  t • 4,  and 
(c)  the  above-mentioned  muitiplet  splittings. 

W<N  m 9,  ‘Pi).  The  kinetic  energy  of  the  0*  -f  O fragments  from  the  predissociating  levels  » - 4, 
.V  ^ 9 of  the  Ot'4*2,'  state  is  determined  (9)  with  a newly  constructed  laser  photofragment  appa- 
ratus (JO).  In  brief,  a mass-selected  beam  of  long-lived  metastable  01*0*11.  ions  in  a distribution  of 
vibrational  levels  passes  colinearly  with  the  beam  of  a tunable  dye  laser.  The  dye-laser  wavelength 
can  be  varied  to  correspond  to  selected  lines  of  the  f4,4)  Ot*4*2,'  — o*n.  band,  thereby  pumping 
the  population  of  the  rotational  levels  of  the  4*2,"(»  - 4)  state  (II).  The  rotational  levels  N > 9 
are  p recti  Modeled  (12),  producing  O*  + O fragments,  the  kinetic  energies  of  which  increase  with 


increasing  rotational  quantum  number.  The  pbotofragmert  O’"  ion*  are  energy-analyzed  and  detected. 
A detailed  disnisrion  of  the  photofragment  spectroecopy  of  the  Oi*  quartet  states  is  given  in  Ref.  (9). 

Photofragments  were  observed  from  the  rotational  levels  iV  - 9,  13,  13,  and  17  predissodating 
in  various  combinations  to  the  three  dissociation  limits  0*(*S*t)  ■+■  OPPi,  'Pi,  'Pi)  (the  0*  sum  is 
not  split).  Since  the  energy  separations  between  the  ff  levels  and  those  between  the  0 CP/)  multiple ts 
are  both  known  (7, 13),  the  measured  energies  W (If,  lPj)  can  be  uniquely  matched  to  the  H and 
'Ps  levels.  Thus,  the  first  level  above  the  lowest -energy  multiple!  limit,  0*(*5*t)  + OPPi),  can  be 
unequivocally  established  as  If  ■ 9 and  the  kinetic  energy  measurements  yield  W(N  - 9, 'Pi) 
■ 9 ris  9 cm*1.  This  was  the  smallest  of  the  W(H,  'Pi)  values  measured,  and  since  the  energy  resolu- 
tion of  the  apparatus  is  best  near  W « 0 (9, 10),  this  value  has  the  smallest  uncertainty.  (The  fact 
that  the  tf  — 9 level  lie*  just  slightly  above  the  dissociation  limit  was  very  fortuitous  for  the  present 
enterprise!)  The  other  7*(»  « 4,  If),  0 CP/),  and  W(lf,  *Pj)  energies,  although  the  latter  are  less 
accurate,  ate  quite  consistent  with  the  above  W(N  - 4,  'Pi)  value. 

It  is  worth  noting  that  W(N,  lPj),  since  it  is  the  infinite-separation  kinetic  energy,  is  insensitive 
to  the  height  of  a successfully-penetrated  or  surmounted  potential  maximum.  Thus,  the  spectroscopic 
cycle  in  Eq.  (1)  is  not  plagued  by  the  uncertainty  of  such  a maximum,  aa  cycles  involving  a band- 
convergence  dissociation  limit  sometime*  are  (14). 

The  ±9  cm**  uncertainty  is  the  halfwidth  at  half-maximum  (HWHM)  of  the  photofragment  peak 
scanned  as  a function  of  kinetic  energy.  The  above  value  for  IP  (If  - 9,  'Pi)  is  the  average  of  thirteen 
measurements  of  the  kinetic  energies  of  ft  ■ 9 fragments  that  had  originated  from  different  j*n. 
(t  m 4)  rotational  level*.  The  standard  error  of  the  mean  eras  0.9  cm-*.  Since  this  indicator  of  pre- 
cision is  much  smaller  than  the  HWHM  quoted  above  and  the  absolute  accuracy  of  the  energy  scale 
is  even  much  1cm  than  this,  it  is  clear  that  the  error  given  here  it  quite  conservative.  The  —9  cm*1 
side  of  the  uncertainty  actually  represents  a very  firm  lower  limit,  since  observation  of  an  0*  photo- 
fragment  signal  requires  W ^ O. 

E(0*'S* |).  From  atomic  spectroscopy,  the  energy  required  to  ionize  the  ground-state  oxygen  atom 
OCPi)  into  the  ground-state  oxygen  ion  0*(*S*i)  is  E(0*  *S*|)  - 109  837.02  ± 0.06  cm*1  (13),  a value 
that  is  essentially  “exact"  on  the  scale  of  the  present  study. 

The  values  given  above  (and  summarised  in  Fig.  1)  for  the  energies  in  the  cycle  defined  by  Eq.  (1) 
yield  D(OxX)  - 41262  ± 10  cm**.  (This  value  can  straightforwardly  yield,  to  the  same  uncertainty, 
dissociation  energies  for  the  0i‘M3,*  and  u4n.  states.)  The  individual  errors  in  the  cycle  given  by 
Eq.  (1)  are  9,  2,  0.3,  and  0.06  cm*V  The  above  *10  cm*1  uncertainty  of  D(0*X)  makes  the  very 
reasonable  assumption  that  the  errors  in  the  kinetic  energy  and  wavelength  measurements  are  largely 
independent  (S). 

The  present  value  for  the  dissociation  energy,  41  262  ± 10  cm*1,  agrees  almost  exactly  with  the 
value  determined  by  Brix  and  Hersberg  (1) : 41  260  -±  IS  cm**,  the  difference  being  considerably 
smaller  than  either  of  the  uncertainties.  Figure  l shows  that  the  cycles  used  to  determine  the  two 
values  have  no  measurements  in  common.  The  various  wavelength  measurements  were  even  in  very 
different  para  of  the  spectrum.  Such  excellent  agreement  between  two  independent  measurements 
of  the  same  quantity  using  substantially  different  methods  is  the  strongest  type  of  “proof”  that  ex- 
periment can  offer. 
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ABSTRACT 


A new  photofragment  spectrometer  employing  coaxial  tunable  single-mode 

laser  and  velocity-tuned  fast-ion  beams  has  been  used  to  measure  transition 
+ 4 — 4 

energies  in  the  0^  b •-  a 11^  First  Negative  system  to  an  accuracy  and 

precision  that  are  an  order  of  magnitude  better  than  was  previously  possible 

in  Doppler-limited  emission  spectroscopy.  The  technique  consists  of  velocity- 

+ A 

tuning  a beam  of  metastable  0^  a TI^  ions  such  that  a set  of  First  Negative 
rotational  transitions  can  be  sequentially  brought  into  resonance  with  the 


laser  wavelength.  The  subsequent  absorption  transitions  promote  the  ions  to 

4 - + 

predissociating  levels  of  the  b Z^  state  and  observation  of  the  0 

photofragments  is  the  signal  that  denotes  that  each  absorption  transition 

has  occurred.  Repetition  of  the  velocity  tuning  at  different  dye-laser 

frequencies  provides  a scan  of  the  First  Negative  spectrum  for  predissociating 

upper-state  vibrational  levels,  which  are  inaccessible  to  emission  spectroscopy. 

The  0+  photofragment  ions  have  a kinetic  energy  that  depends  on  the  height 

of  the  predissociating  rotational  level  above  the  separated-atom  limit. 

The  present  apparatus  incorporates  a photofragment  energy  analyzer  that  can  often 

be  used  to  separately  record  the  wavenumbers  of  transitions  to  different 

upper-state  rotational  levels,  but  whose  wavenumbers  could  not  otherwise  be 

resolved.  A set  of  359  wavenumbers  Involving  the  (4,4),  (4,5),  (5,5),  and 

.1 

(3,3)  bands  were  recorded  with  an  estimated  accuracy  of  + 0.0032  cm  and 

a precision  of  0.0028  cm  *,  the  latter  being  estimated  precisely  with  a 

4 4 

statistical  technique.  These  data  were  fitted  to  £ and  II  Hamiltonians 


.*'•»  ' J 


used  in  recent  studies  of  the  First  Negative  emission  spectrum  to  determine 

molecular  constants  for  the  v'  »4,5  and  v"  *4,5  levels.  The  former  represent 

4 - 

an  extension  of  the  b I state  to  new  levels  and  the  latter  represent 

S 

substantial  improvements  over  the  constants  that  were  available  from 

previous  moderate-resolution  emission  studies.  These  photofragment 

molecular  constants  were  merged  with  those  from  the  previous  emission  studies 

to  yield  a new  consistent  set  of  molecular  constants  and  Dunham  coefficients 
^ 4 * 4 

for  the  0^  b and  a states.  In  the  fit  to  the  photofragment  bands,  it 
was  found  that  the  Hamiltonians,  which  were  sufficient  for  the  emission  data, 
are  inadequate  to  describe  these  states  within  the  precision  of  the  present 
measurements. 
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ABSTRACT 

The  predissociation  of  CH+  has  been  studied  by  observation  of  the 

appearance  of  C+  photofragments  as  a function  of  excitation  wavelength,  near  3500 

The  dissociation  energy  of  the  C+  fragments  was  also  measured.  Thirty-seven 

discrete  transitions  were  observed  to  lead  to  dissociation  within 
*1 

350  cm  of  the  dissociation  limit.  The  most  reasonable  attribution  of 

1 3 

these  observations  is  to  predissociation  of  the  A II  and  a H states.  If 

this  is  correct,  then  the  number  of  quasi-bound  levels  which  could  con- 

+ 2 2 

tribute  to  the  radiative  association  C ( P)  + H(  S)  is  ouch  larger  than 
previously  expected. 
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I.  INTRODUCTION 


+ 2 2 

Knowledge  of  Che  C ( P)  + H(  S)  radiative  recombination  rate  is 

crucial  to  an  understanding  of  the  formation  of  CH+,  which  is  a basic 

building  block  in  interstellar  molecular  processes  (see,  for  example, 

Dalgamo  and  Black,  1976),  but  direct  measurement  of  this  rate  is  outside 

the  scope  of  present  experimental  techniques.  Recent  calculations  by 

Uzer  and  Dalgarno  (1979)  and  Abgrall,  Guisti-Suzor, . and  Roueff  (1976), 

show  that  quasi-bound  levels  of  the  A^fl  state  near  the  dissociation  limit 

exist,  which  enhance  the  radiative  association  rate.  However,  the  Increase 

calculated  by  Abgrall  et  al.  using  the  potentials  of  Green,  Hornstein, 

and  Bender  (1973)  is  insufficient  to  remove  t' .e  discrepancy  between  the 

observed  and  calculated  abundances  of  CH+  in  diffuse  interstellar  clouds. 

We  present  here  the  first  experimental  observation  of  near  threshold 

quasi-bound  levels  of  CH+.  The  density  of  levels  near  the  dissociation 

limit  is  found  to  be  substantially  greater  than  predicted.  Other 

3 3 - 

transitions  were  observed  which  appear  to  be  between  the  £ II  and  Jj  I 

3 ■+• 

states,  with  the  Jj  state  predissociated  by  the  £ I state. 
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II.  APPARATUS  AND  EXPERIMENTAL  PROCEDURE 


The  apparatus,  a laser-ion  coaxial  beams  spectrometer  has  been 

described  in  detail  previously,  as  has  its  application  to  spectroscopic 

studies  of  0^+  similar  to  those  reported  here  for  CH  (see,  for  example, 

Huber  et  al.  1977,  Moseley  et  al.  1979,  and  Cosby  et  al.  1979).  For 

this  work  CH+  was  produced  by  dissociative  electron  Impact  ionization  of 

or  CH^,  accelerated  to  a specified  energy  between  2 and  4 keV, 

selected  from  other  source-produced  ions  by  a magnetic  analyzer, 

collimated  to  2 mrad  and  deflected  into  the  laser  Interaction  region. 

In  this  region,  a laser  beam  was  made  coaxial  with  the  ion  beam  over  a 

distance  of  50  cm.  The  Kr  and  Ar  ion  lasers  used  in  this  work  provided 

five  prism  selected  wavelengths  between  3507  and  3638  A.  Transitions 
+ 

in  the  CH  ions  were  velocity- tuned  into  resonance  with  the  fixed  laser 

+ 

frequency  by  varying  the  velocity  of  the  CH  beam  in  the  interaction  region. 
By  directing  the  laser  beam  both  parallel  and  antiparallel  to  the  ion  beam, 
a total  of  ten  spectral  regions,  each  approximately  7 to  10  cm  * in  width 
were  investigated.  The  C+  fragments  formed  by  photodissociation  are 
deflected  into  an  energy  analyzer,  and  the  energy- selected  ions  are 
detected  by  an  electron  multiplier.  The  appearance  of  C+  fragments  at 
a particular  wavelength  is  thus  evidence  that  an  absorption  leading  to 
dissociation  has  taken  place;  the  energy  of  the  C fragments  can  be  used 
straightforwardly  to  determine  the  energy  of  the  dissociated  level  above 
the  appropriate  dissociation  limit,  called  the  separation  energy  V. 
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Thus,  the  data  obtained  are  of  two  types.  Wavelength  scans  are 


*•! 


... 


made  for  several  energy  analyzer  settings  by  scanning  the  ion  beam 

+ 


velocity.  Peaks  in  the  observed  C production  can  then  be  examined 
(at  fixed  absorption  wavelength)  with  the  energy  analyzer  to  determine 
the  separation  energy  W. 


Figure  1 shows  a typical  wavelength  scan  for  W 0,  covering 


-1 


the  range  from  28483.7  to  28485.8  cm  , obtained  using  the  single  mode 


output  of  a krypton  ion  laser  at  28502.745cm  . The  transition  energies 


were  calibrated  as  described  in  Cosby  et  al.  (1977),  with  an  uncertainty  of  less 


than  0.01  cm  \ On  this  narrow  energy  range  of  2.1  cm  \ four  peaks  are 


clearly  distinguishable.  The  continuum  background  in  Figure  1,  is  due 


.1  + 


to  a direct  dissociation,  most  likely  from  the  X v state  to  the 

,4 


repulsive  part  of  the  A H,  as  calculated  by  User  and  Dalgarno  (1978).  Collisional 
dissociation  was  shown  to  account  for  only  about  17.  of  the  total  signal. 

The  separation  energy  corresponding  to  transitions  such  as  those 
shown  in  Figure  1 can  be  obtained  by  fixing  the  wavelength  on  one  of  the 
transitions  and  scanning  the  energy  analyzer  (Huber  at  al.  1977).  The  W values 


obtained  here  have  a larger  uncertainty  than  the  highly  precise  values  obtained 


for  0^  levels  by  Pernot  et  al.  (1979),  because  of  the  necessity  to  correct 


the  measured  spectra  by  subtracting  the  contribution  due  to  direct  dissociation, 


-1 


which  has  a W of  about  300  cm  . For  this  work  the  uncertainty  for  the  strong 


transitions  is  + 25  cm  1 for  W values  less  than  150  cm"\ 


1 


1 


i 


,i 
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III.  RESULTS 

Table  I gives  the  results  obtained  using  the  five  laser  lines  near 
3500  A,  for  transitions  which  produced  photofragments  with  separation 
energies  less  than  350  cm  ^ (43  meV).  A similar  number  of  transitions 
were  observed  leading  to  separation  energies  in  the  range  of  1 to  2 eV. 

These  transitions  are  not  relevant  to  the  astrophysical  problem  under 
consideration  here,  and  thus  will  not  be  discussed  in  detail.  No 
transitions  were  observed  leading  to  separation  energies  intermediate 
to  these  two  regions.  A number  of  transitions  were  also  observed  at 
visible  wavelengths  between  4000  and  6500  A.  These  transitions  have 
not  yet  been  analyzed  and  will  not  be  discussed  in  detail  here.  Table  I 
also  lists  the  regions  covered  around  each  laser  line  by  velocity  tuning. 

Most  transition  energies  were  measured  to  an  accuracy  of  + 0.2  cm  ^ ; 
these  in  the  second,  sixth  and  seventh  regiens  that  are  given  to  three 
decimal  places  were  measured  to  + 0.008  cm  , and  all  those  in  the  third 
region  were  measured  to  + 0.024  cm  All  line  widths  given  are  the  observed 


full -width  at  ha If- maximum.  They  have  not  been  corrected  for  apparatus- 
induced  broadening,  which  is  necessary  before  lifetimes  can  be  determined 


(Moseley  at  al.(1979)). 


Several  observations  can  be  made  with  reference  to  Table  I.  In  the 
region  studied,  the  transitions  lie  very  close  together,  with  an  average 
spacing  of  less  than  0.5  cm  * in  parts  of  the  spectrum.  The  energy  of 
the  upper  level  with  respect  to  the  dissociation  limit  is  very  low. 

Out  of  22  transitions  for  which  W was  determined,  14  have  separation 


energies  less  chan  100  cm  . Finally,  Che  widths  of  Che  observed  peaks 
vary  substantially,  from  200  to  1560  MHz,  indicating  a substantial 
variation  in  the  lifetimes  of  the  predissociated  levels. 


IV.  DISCUSSION 


The  major  question  to  be  answered  is  that  o£  the  origin  of  the 


quasi-bound  levels.  A number  of  possible  processes  can  be  discussed 


with  reference  to  the  potential  curves  of  Figure  2.  Although  quasi-bound 


levels  have  been  predicted 


dissociation  limit,  the  predicted  levels  cannot  account,  even  qualitatively 


We  thus  examined  other 


possible  explanations  for  the  observations.  Each  of  the.  possibilities 


considered  will  be  discussed  in  turn 


Any  splitting  of  the  X or  A states  would  have  to  be  in  the  range>  of 


0.3  to  1 cm  in  order  to  assist  in  explaining  the  large  number  of  observed 


transitions.  If  any  such  splitting  existed  for  the  lower  vibrational  levels 


of  the  X or  A states,  it  would  have  been  observed  in  the  emission  spectra 


obtained  by  Douglas  and  Herzberg  (1942)  and  Douglas  and  Mortou  (1969).  We 


cannot  propose  any  mechanism  to  split  the  X state  levels  by  this  amount 


Nuclear  hyper fine  interaction,  for  example,  would  lead  to  splittings  of 


less  than  10~  cm  for  either  of  these  singlet  states 


The  metastable  a tl  state  may  be  appreciably  populated  in  our  experiment 


The  observation  of  C photofragments  with  W in  the  range  of  1 to  2 eV  is 


most  easily  explained  by  transitions  between  the  a II  and  £ state,  followed 

3 

by  predissociation  of  the  ]j  state  by  ,c  £ , as  predicted  by  Lorquet  et  aL  (1971) 


Dissociation  of  metastable  CH  by  this  mechamism  has  been  previously  Invoked 


by  Newton  and  Sciamanna  (1972)  to  explain  C fragments  from  CH  formed 


However,  given  the 


by  electron  Impact  on  a number  of  molecules 


potentials  of  Figure  2,  it  is  difficult  to  propose  an 

effective  mechanism  for  the  production  of  near  threshold  c"*"  photofragments 

from  any  of  the  triplet  states.  Conceivably,  b state  levels  excited  by  the 

laser  could  radiatively  decay  into  quasi-bound  levels  of  the  a state  just 

above  the  threshold,  which  could  dissociate.  However,  Franck-Condon 

factors  for  such  transitions  would  be  extremely  poor. 

Processes  in  which  a higher  lying  metastable  state  is  the  origin 

for  the  transitions  also  seem  unlikely  to  be  responsible  for  the  observed 

transitions.  Above  the  a state,  and  below  10  eV,  only  the  lowest  ^E  and 
3 

A states  are  possibly  long-lived  enough  to  reach  the  laser  interaction 

region.  However,  both  of  these  states  are  expected  byLorquet  et  al.  (1971) 

3 

to  be  predissociated,  the  A by  six  different  curve  crossings.  Further, 

the  ^E  state  that  they  predict  would  have  to  be  lowered  by  over  2 eV  to 

make  it  possible  to  yield  near  threshold  C+  pho to fragments . Finally,  for 
5 - 3 

neither  the  E nor  the  A are  appropriate  upper  states  predicted  to  which 

3500  A transitions  to  predissociated  levels  would  be  expected. 

The  possibility  of  two-photon  processes  was  considered.  Using  the 

calculated  potentials  of  Lorquet  et  al.  (1971)  and  of  Kirby,  Saxon  and  Liu 

(1979),  we  could  find  no  possible  two-photon  processes  using  3500  X 

radiation  that  would  lead  to  near-threshold  C+.  If  one  of  the  triplet 

+ 4 2 

potential  curves  from  the  C ( P)  + H(  S)  limit  is  bound,  then  a two-photon 
process  near  3500  X might  be  possible,  but  a similar  process  would  not  be 
possible  in  the  visible. 
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Collisional  dissociation  of  CH  excited  by  the  laser  to  bound  levels 
near  the  dissociation  limit  could  yield  apparent  predissociations.  Several 
peaks  were  explicitly  checked  for  this  possibility  by  increasing  the  pressure 
in  the  interaction  region  by  over  two  orders  of  magnitude.  No  increase  in 
the  peak  height  was  observed,  demonstrating  that  collisional  dissociation 
is  not  responsible  for  these  peaks.  Further,  the  line  width  for  a peak 
caused  by  collisional  dissociation  would  be  apparatus-limited,  since  the 
appropriate  lifetime  is  that  of  the  excited  bound  level.  Thus,  only  the 
peaks  with  linewidths  of  about  200  MHz  could  possibly  be  due  to  this 


mechanism.  Collisional  dissociation  of  laser-excited  bound  levels 


might  be  responsible  for  a few  of  the  observed  peaks,  and  thus  this 
mechanism  will  be  further  investigated.  However,  the  majority  of 
the  peaks  observed  here  (and  perhaps  all  of  them)  must  be  due  to  a true 
predissociation . 

Since  none  of  the  possible  explanations  listed  above  appear  attractive, 
we  reconsidered  the  predicted  mechanism  of  quasi-bound  levels  of  the 

state.  In  fact,  as  can  be  seen  from  Figure  3,  which  was  obtained  from 
the  calculations  of  Barest  et  al.  (197S),  predissociation  of  rotatlonally 


quasi-bound  levels  of  the  A n state  is  not  the  only  possible  predissociation 

+ 2 2 

mechanism.  Figure  3 illustrates  that  the  C ( P)  + H(  S)  limit  is  split  by 

-1  +21 
64  cm  due  to  the  spin-orbit  interaction  in  C ( P).  The  state,  which 

2 3 

correlates  to  the  upper  limit,  P^,  is  spin-orbit  coupled  to  the  state, 

which  correlates  to  the  lower  limit,  2P^ . Thus,  bound  levels  of  which 

2 3 

lie  above  the  P^  limit  could  be  predissociated  by  Co  this  limit. 
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lead  to  an  increase  in  che  expected  radiative  association  rate 


as  to  an  improved  understanding  of  the  long-range  interactions  of  two 


atoms  approaching  to  form  a molecule  and  of  the  near-threshold  dissociation 


processes  of  simple  molecules 
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TABLE  I 


Observed  predissociacion  transitions  of  CH+  leading  Co  C+  fragaents  with 
separation  aaargiaa  lean  than  3S0  an 


TRANSITION  mac 

r v 

LIX WIDTH 

(MHx) 

(Region  covered: 

28323.1  to  28318.6  ca'1 

and  28068.8  to 

28064.3  am’1 

’>• 

28322.33 

<30 

28321.97 

28321.64 

28321.44 

b 

28320.80 

28320.23 

28319.83 

28319.43 

40® 

(Region  covered: 

28493.9  to 

28480.3  ca'1: 

28488.499 

28487.923 

28487.222 

110 

430 

28486.888 

320 

28483.383 

30 

430 

28483.133 

63 

330 

28484.391 

70 

370 

28484.344 

34 

1300 

(Region  covered: 

28468.9  to 

28461.7  ca'1 

28466.37 

28464.86 

28463.977 

93 

230 

28463.897 

28 

200 

28463.884 

28 

200 

TRANSITION  BMBG1 

r v 

UXBfUTB 

(cm-1) 

(ea*1)  (MHz) 

(Region  covered: 

28457.3  to 

28447.6  ca'1) 

28453.01 

50 

300 

28434.34 

730 

28434.17 

223 

750 

28453.86 

28453.14 

28453.43 

28451.34 

140 

750 

28450.80 

50 

28448.22 

80 

28447.87 

60 

(Region  covered: 

28432.5  to 

28422.9  ca*1) 

28431.13 

100 

750 

(Region  covered: 

28036.1  to 

28028.8  ca'1) 

28034.463 

320 

610 

28033.47 

< 230 

750 

28033.068 

< 160 

750 

28032.810 

< 160 

750 

(Region  covered: 

27301.2  to 

27494.1  ca’1) 

27498.921 

74 

1360 

(Regions  cor* rad  with  no  observed  traaaltloaa 
28068.4  to  28064.0  ca'1  and  27463.3  to 
27439.9  at'1) 


a.  loch  3307  i and  3364  1 Unas  of  Kr  ion  laaar  war*  prnaanc  in  tha  intar action 
region.  Tranaltlon  anergiea  calculated  aaauning  3307  i line  was  responsible 
for  all  dissociations. 

b.  If  no  value  for  S is  given,  it  was  not  explicitly  determined  but  is  lees 
than  330  ca"1. 

c.  Tha  uncertainty  in  * is  ± 23  ea  1 wherever  a precise  value  is  stated. 

d.  This  transition  energy  any  be  saaller  by  about  23  ca  l. 
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FIGURE  CAPTIONS 


Figure  1.  Spectrum  of  near  threshold  C photofragments  versus  absorption 
energy  obtained  by  using  the  single  mode  output  of  a krypton  ion  laser  at 
28502.745  cm  The  absorption  energy  scale  is  given  by  the  Doppler  shift 
away  from  the  laser  wavenumber. 


Figure  2.  Lower  potential  curves  of  CH+,  following  the  calculations  of 
Green,  et  al.  (1972),  Lorquet  et  al.  (1971)  and  Kirby  et  al.  (1979). 


■f  +2  2 

Figure  3.  The  region  of  the  CH  potential  curves  near  the  C ( ^)  + H(  S) 

dissociation  limits,  following  the  calculations  of  Bazet  et  al.  (1975). 
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